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RESUMO 
 
Esse trabalho tem por objetivo: 1. caracterizar diferentes fontes de luz (FLs) 
com relação à irradiância, irradiância espectral e mapeamento do feixe, 
sendo uma FL emitindo luz violeta-V, uma luz azul-A e uma convencional 
com intervalos de violeta e azul-V+A (Bluephase 20i, Ivoclar Vivadent); e 2. 
avaliar o efeito das diferentes FLs na formação de vetores de contração de 
polimerização com relação a profundidade, e avaliar o grau de conversão 
(GC%) e microdureza Knoop de uma resina composta (RC) contendo 
canforoquinona (CQ) e Lucerina TPO submetida às diferentes fontes de luz. 
Para caracterização das FLs foi usado termópilo, esfera integradora, 
espectrorradiômetro e um instrumento modificado para análise do perfil de 
feixe de luz. Os vetores de contração de polimerização foram analisados pelo 
deslocamento vetorial de partículas esféricas radiopacas de óxido de zircônio 
(50µm, Tosoh Corporation) adicionadas a uma RC (Empress Direct Trans30, 
Ivoclar Vivadent) para permitir o seu rastreamento, utilizando-se micro-
tomografia computadorizada (µ-CT). Então, matrizes de vidro escuras (7 
mmx2 mm) foram silanizadas, preenchidas em incremento único (n=6), e 
fotoativadas de acordo com a FL designada para cada grupo, por 30s. Cada 
FL apresentava 4 chips de LEDs que se apresentavam ligados de acordo 
com cada FL (1 chip violeta para a UF-V, 3 chips azuis para a UF-A ou 3 
azuis e 1 violeta para a UF-V+A). A posição dos chips foi identificada no topo 
de cada corpo de prova de todos os ensaios. Os conjuntos (resina/matriz) 
foram escaneados por µ-CT pré- e pós-fotoativação e os scans foram 
sobrepostos utilizando-se a marcação do chip como padrão para 
escaneamento e sobreposição das imagens. 2. Espécimes de dimensões e 
forma de confecção similares foram fabricados para avaliação da dureza 
Knoop - KHN (n=12; 50-gF; 15s) e GC%(n=15). A KHN, foi mensurada por 
quatro endentações em cada amostra, correspondentes às diferentes 
posições dos chips de LED, uma endentação em região de chip violeta e 
outra em região de chip azul, para topo e base. Para o GC% espectros da 
matriz polimérica dos espécimes foram registrados, pré e pós-polimerização, 
por FTIR, para cada grupo. Os dados obtidos em todos os ensaios foram 
submetidos aos testes Shapiro-Wilk, ANOVA 1-way (análise do GC%) e Split-
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Plot ANOVA 2-way (análise dos vetores de contração e de dureza), e quando 
significantes, pelo teste de Tukey post-hoc (análise do GC% e dureza) e 
Fisher LSD post-hoc (análise dos vetores de contração) (α=0,05). A 
caracterização das FLs mostrou que a FL-V, A e V+A demonstraram 
respectivamente valores de irradiância de 337 mW/cm2 (326 mW/cm2 dentro 
do comprimento V e 11 mW/cm2 no A), 935 mW/cm2 (8 mW/cm2 V/927 
mW/cm2 A), e 1293 mW/cm2 (315 mW/cm2 V/ 978 mW/cm2 A). A avaliação do 
perfil do feixe de luz mostrou dispersão não-homogênea de luz em todas as 
FLs. Considerando os vetores de contração, a FL-V produziu menor 
movimentação vetorial comparada a FL-A e FL-V+A (P<0,05). Observou-se 
diminuição significativa na quantidade de vetores conforme o aumento da 
profundidade das amostras, para as FL-V e FL-V+A(P<0,05), porém não 
significativa para a FL-A(P>0,05). Com relação a KHN, a FL V+A produziu 
maiores valores no topo das amostras para ambas as posições, comparada a 
FL-V e FL-A(P<0,05). Na base, em ambas as posições, a FL-V produziu 
valores significativamente menores de dureza(P<0,05). Quando avaliadas 
diferentes posições dentro da mesma FL, foi observada menor  perda de 
profundidade da luz azul em relação a luz violeta (P<0,05). Com relação ao 
GC%, a FL-V demonstrou valores significativamente menores (26,88% - 
P<0,05) comparados a FL-A(30,24%) e FL-V+A(30,80%). Conclui-se que FLs 
que emitem mais de um comprimento de onda podem ser extremamente não-
homogêneas em suas características de comprimento de onda e perfil de 
energia do feixe de luz, e produzir diferentes padrões de GC%, vetores de 
contração de polimerização e KHN em uma RC com diferentes 
fotoiniciadores.  
Palavras-chave: Aparelhos fotopolimerizadores. Fotoiniciadores. Micro-
tomografia computadorizada. Grau de conversão. Dureza Knoop. Resina 
Composta.  
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ABSTRACT 
 
This study aimed to: 1. characterize different experimental light curing units 
(LCUs) regarding irradiance, spectral irradiance and beam profile mapping, 
being one LCU emitting Violet-light, one Blue-light, and one Conventional 
commercialized polywave LCU (Bluephase 20i, Ivoclar Vivadent) emitting 
both spectrum ranges of violet and blue, and 2. to evaluate their effect on the 
formation of polymerization shrinkage vectors related to depth; and to 
evaluate degree of conversion (DC%), and knoop microhardness of a 
composite (RBC) containing camphorquinone (CQ) and an alternative initiator 
(Lucerin TPO) submitted to these LCUs. Characterization of each LCU was 
performed by a NIST-traceable thermopile, a integrating sphere, a 
spectroradiometer and a modified laser beam-profiling instrument. 
Polymerization shrinkage vectors analysis was evaluated through vectors 
displacement ofzirconium oxide spherical fillers (50µ m diameter, Tosoh 
Corporation) which were added to a conventional RBC (Empress Direct 
Trans30, Ivoclar Vivadent) in order to allow its trace by micro-computed 
tomography (µ-CT). Dark glass matrices (7mm diameter, 2mm thick) were 
silanized and the composite resin was packed in single increments (n=6), 
which were light-cured according to the LCU used for 30s. Each LCU 
presented 4 chips, which turned on according to the specific LCU (1 violet 
chip on for the Violet LCU, 3 blue chips on for the Blue LCU, and 1 violet and 
3 blue chips for the Conventional LCU). LED chips position was identified at 
the top of the samples for all the tests. RBC/matrix were scanned by µ-CT 
before and after light curing and scans were superimposed using the chips 
identification as a pattern. Same-sized specimens were fabricated for DC% 
(n=15) and Knoop hardness (n=12; 50-gF; 15s) evaluations. Knoop hardness 
was measured in 4 indentations according the different LED locations, one at 
blue LED region and one at violet LED region for top and bottom, and LED 
chips. For the DC%, and spectra of the composite specimens polymeric 
matrix were recorded twice by a Fourier transform infrared spectroscopy 
(FTIR), before and after polymerization according to each LCU (30s). The 
normality of data was checked by a Shapiro-Wilk test and obtained data were 
analyzed in a 1-way ANOVA (DC% analysis) and Split-plot 2-way ANOVA 
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(shrinkage vectors and microhardness analysis). When effects were 
statistically significant, post-hoc analyses were performed using the Fisher 
LSD procedure (Shrinkage vectors analysis) and Tukey HSD (DC% and 
microhardness analysis) (α=.05). Characterization of the LCUs showed Violet, 
Blue and Conventional LCUs showed irradiances of, respectively, 337 
mW/cm2 (326 mW/cm2 within the violet wavelength range and 11 mW/cm2 
within the blue), 935 mW/cm2 (8 mW/cm2 violet / 927 mW/cm2 blue), and 1293 
mW/cm2 (315 mW/cm2 violet / 978 mW/cm2 blue). Beam profile analysis 
showed a non-homogeneous dispersion of light for all LCUs. Regarding 
polymerization shrinkage vectors, it was observed that the violet LCU 
produced significant lower displacement vectors when compared to blue and 
conventional lights (P < 0.05). In addition, it was observed a significant 
decrease on the displacement vectors with the increase of depth for both 
Violet and Conventional LCUs (P < 0.05), but not for the Blue LCU (P > 0.05). 
When knoop hardness was evaluated, Conventional LCU presented 
significant higher values on top of the samples at both positions, compared to 
both Violet and Blue LCUs (P < 0.05). For bottom measurements, in both 
positions, Violet LCU presented significantly the lower values of hardness (P 
< 0.05). When evaluated different positions within the same LCU, it was 
observed that scatter of the blue light was lower than violet light, observed in 
all LCUs (P < 0.05). Regarding degree of conversion, violet LCU showed 
significantly lower values (26.88% - P < 0.05), when compared to the blue 
(30.24%) and the conventional (30.80%) LCUs. It can be concluded that 
LCUs emitting more than one wavelength can be extremely non-
homogeneous in their characteristics of wavelength and beam profile, and 
produce different patterns of DC%, polymerization shrinkage vectors and 
microhardness among a dental composite containing CQ and alternative 
photoinitiators. 
Key Words: Light curing units. Photoinitiators. Micro-computed tomography. 
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1 INTRODUÇÃO 
As condições de ativação iniciada por luz influenciam nas 
propriedades finais mecânicas, físicas e biológicas de materiais como a 
resina composta (RC) (Ferracane, 1985; Ferracane, 1994; Leprince et al., 
2013). Sendo assim, é evidente que os dentistas desempenham papel 
significativo na qualidade da restauração produzida por meio da escolha 
apropriada dessas condições (Leprince et al., 2013).  
Atualmente, decisões sobre a escolha da fonte emissora de luz e 
tempos de exposições apropriados tornaram-se muito mais difíceis. 
Diferenças relacionadas aos tipos de luz, modos de exposição e 
composições das RCs fazem com que essa decisão e quaisquer  
recomendações para serem utilizadas como padrão com relação aos tempos 
de exposição sejam impossíveis de serem fornecidas (Rueggeberg, 2011). 
RCs devem não somente receber energia suficiente, como também receber 
esta energia dentro da gama de comprimento de onda apropriado, a fim de 
que um número suficiente de radicais livres sejam produzidos para uma 
polimerização adequada (Rueggeberg, 2011; Price et al., 2012; Rueggeberg 
e Swift, 2013; Michaud et al., 2014; Price et al., 2014). O problema reside no 
fato de que os fabricantes não identificam todos os fotoiniciadores, 
quantidades e tamanho de partículas inorgânicas contidos nos compósitos, o 
que torna difícil prever o desempenho das fontes de luz (FLs) na qualidade 
final da restauração (Rueggeberg, 2011). A fotoativação inadequada pode 
resultar em falhas clínicas prematuras, defeitos marginais, e 
consequentemente lesões de cárie recorrente e fratura da restauração 
(Vandewalle et al., 2004; Lohbauer et al., 2005; Richard et al., 2013). 
Com a popularização do clareamento dental, os fabricantes viram-se 
obrigados a modificar a composição dos materiais restauradores. Essa 
situação surgiu pois o sistema fotoiniciador da época utilizava somente a 
canforoquinona (CQ), material de coloração amarelo vivo e, 
consequentemente, não estético. A fim de fornecer materiais restauradores 
de maior valor, fabricantes recorreram a utilização de fotoiniciadores 
alternativos, os quais possuem sua gama de absorção de luz em baixo e 
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visível espectro (Rueggeberg, 2011). Enquanto que a CQ é fotoativada no 
espectro de luz com pico ao redor de 460nm, esses fotoiniciadores 
alternativos são ativados em picos menores, ao redor de 420nm (Price et al., 
2010a). Porém, apesar das boas propriedades estéticas, alta estabilidade de 
cor (Arikawa et al., 2009), e da vantagem de possuírem uma “ultra-rápida” 
cinética de reação de polimerização quando fotoativadas pelo 
correspondente comprimento de onda (Randolph et al., 2014), iniciadores 
alternativos são ativados pela luz violeta, que, por sua vez, possuem baixa 
profundidade de penetração nos materiais restauradores (Harlow et al., 
2016a). Dessa forma, a CQ ainda necessita estar presente na composição 
das RCs. Essa situação fez com que as convencionais FLs LED com pico 
único (comprimento de onda azul) já não fossem completamente efetivas. 
Para compensar essa limitação, fez-se necessária a fabricação e utilização 
de FLs com distintos comprimentos de luz, ou polywave (Rueggeberg e Swift, 
2013; Issa et al., 2016). Essa classe de equipamentos promete fotoativar 
todos os materiais a base de RC, pois abrange um amplo espectro de luz, 
tanto nos comprimentos de onda necessários para a CQ, quanto nos 
comprimentos de onda mais curtos exigidos pelos fotoiniciadores alternativos, 
como a Lucerina TPO (Rueggeberg, 2011). Foi demonstrado que aparelhos 
polywave polimerizam com mais eficiência RCs que possuem em sua 
composição fotoiniciadores alternativos a CQ, quando comparados a 
aparelhos que emitem apenas uma faixa de comprimento de onda (Santini et 
al., 2012).  
No entanto, o uso dessas FLs polywave com distintos comprimentos 
de onda resultou em um novo problema. Estudos têm relatado grande falta 
de homogeneidade com relação a energia liberada e comprimentos de onda 
através da ponta dos aparelhos fotoativadores (Price e Felix, 2009; Price et 
al., 2010a; Price et al., 2010b; Price et al., 2012; Price et al., 2014). As 
grandes diferenças de irradiância e de emissões espectrais entre as distintas 
localizações podem ter implicações significativas em ambos estudos clínicos 
e laboratoriais (Rueggeberg, 2011). Além disso, ao analisar o perfil do feixe 
de luz e os resultados das emissões espectrais desse tipo de FLs, pode-se 
notar claramente que os diferentes chips de LED são amplamente separados 
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espacialmente (Michaud et al., 2014). Clinicamente, isso significa que a 
orientação e posicionamento da FL pode ter um efeito nocivo com relação a 
irradiância e ao comprimento de onda recebidos pelos diferentes locais da 
restauração. A simples mudança de utilização do aparelho de um lado para 
outro do paciente pode implicar em efeitos distintos na restauração, e 
consequentemente, em uma polimerização não homogênea (Michaud et al., 
2014). Considerando esse fato, o estudo sobre FLs é de grande importância. 
Estudos mostraram que reportar um valor único de irradiância ou um 
único valor de emissão espectral para descrever a saída de luz é tanto 
impreciso quanto inadequado (Price et al., 2012; Harlow et al., 2016b). A 
radiação eletromagnética de uma FL e as exigências da RC devem ser 
compatíveis em espectro. Ou seja, o operador deve ser assegurado pelo 
fabricante de que o aparelho utilizado emita fótons nos comprimentos de 
onda necessários para ativar os fotoiniciadores utilizados na RC. Esta 
informação não pode ser obtida por meio de um radiômetro odontológico 
convencional (Price et al., 2010a; Rueggeberg, 2011). Para a obtenção de 
uma correta descrição das FLs, distintos aspectos devem ser avaliados. 
A potência irradiante total deve ser avaliada através de uma esfera de 
integração conectada a um espectrômetro de fibra óptica previamente 
calibrado aos padrões NIST (National Institute of Standards and Technology). 
Um termópilo é utilizado para medir a potência irradiante das FLs. Para 
calcular a irradiância, é necessário saber a área óptica da ponta de cada FL 
avaliada. Após isso, a irradiância distribuída entre as extremidades das 
pontas das FLs é observada por uma câmera para avaliação do perfil do feixe 
com uma lente de 50mm de distância focal. Além disso, a emissão espectral 
de cada aparelho deve ser medida utilizando-se uma esfera de integração 
conectada a um espectrômetro (Michaud et al., 2014).  
Com a diferença entre a homogeneidade da luz que irradia uma 
restauração de RC, é de se esperar um distinto desempenho entre as 
diferentes regiões da massa de resina em uma mesma restauração (Michaud 
et al., 2014). Sendo assim, distintos testes podem ser utilizados para medir 
as propriedades de materiais resinosos relacionados as FLs. O grau de 
	   19	  
conversão (GC%) é um teste frequentemente aplicado com o objetivo de 
medir e avaliar a eficiência da polimerização (Leprince et al., 2013). Esse 
método é principalmente realizado por meio de técnicas espectroscópicas 
que inferem a quantidade de ligações duplas restantes comparadas a 
medição inicial dessas ligações (não polimerizada X polimerizada), utilizando-
se o FTIR (Fourier transform infrared spectroscopy) ou espectroscopia 
Raman (Leprince et al., 2013). O grau de conversão está relacionado 
também a outras propriedades das RCs, como dureza (Ferracane, 1985), 
contração volumétrica (Dewaele et al., 2006; Cho et al., 2011), eluição de 
monômeros (Ferracane, 1994), falhas adesivas (Dewaele et al., 2006), entre 
outros. Além disso, o grau de conversão de monômeros em polímeros está 
diretamente relacionado a irradiância das FLs (Rueggeberg et al., 1994; 
Calheiros et al., 2014; Morimoto et al., 2016).  
Diferentes fatores podem influenciar o grau de conversão de uma 
resina composta, como a espessura do incremento, cor e translucidez do 
material, tipo de fotoiniciador utilizado, composição da matriz orgânica e da 
partícula inorgânica, quantidade, tipo e tamanho destas (Price e Felix, 2009; 
Fronza et al., 2015; de Oliveira et al., 2016). A profundidade de polimerização 
de um material baseia-se na sua capacidade de transferir a luz em suas 
profundidades, assim como a cinética da polimerização (Leprince et al., 2013; 
Richard et al., 2013; Bucuta e Ilie, 2014; Fronza et al., 2015). Conforme a 
espessura aumenta, a transmissão de luz diminui exponencialmente devido a 
absorção, dispersão e reflexão da luz, o que faz com que a base da 
restauração receba menos luz e seja menos polimerizada que o topo (Harlow 
et al., 2016a). Além disso, foi demonstrado que a transmissão da luz violeta é 
menor comparada a profundidade da transmissão de luz azul, promovendo 
uma polimerização não homogênea principalmente na base da restauração 
(Fronza et al., 2015). Foi demonstrado também que, dependendo da resina 
composta utilizada, em uma espessura de 4mm, como indicado para as 
resinas bulk fill, a base da restauração pode requerir até 410 vezes mais 
tempo de exposição de luz violeta para atingir a mesma quantidade de fótons 
que atinge a dose do topo da superfície, enquanto para a luz azul, é 
necessário 42 vezes mais tempo para atingir a mesma quantidade do topo 
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(Harlow et al., 2016a).  
Outro teste frequentemente utilizado para medir eficiência de 
polimerização é o teste de dureza. Existe uma correlação direta entre os 
valores de microdureza Knoop e o GC% para uma mesma RC (Ferracane, 
1985). A dureza têm sido utilizada como um método indireto para acessar a 
profundidade de polimerização (Watts et al., 1984; Ferracane, 1985; Alrahlah 
et al., 2014; El-Damanhoury e Platt, 2014). Além disso, observa-se maior 
microdureza quando o tempo de exposição a luz é aumentado; nas regiões 
de topo comparada as regiões de base da restauração; e nas regiões onde a 
luz da FL é mais forte (hot spots) (Price et al., 2014). Dependendo do 
compósito, o aumento da duração da exposição pode diminuir os efeitos da 
falta de homogeneidade do feixe sobre os valores de microdureza da 
superfície (Price et al., 2014). Além disso, diferentes compósitos de diferentes 
cores para uma mesma marca podem se comportar de maneira distinta com 
relação a fotoativação (Price e Felix, 2009).  
Foi observado em cavidades de 1,6mm de profundidade, que RCs que 
contém fotoiniciadores alternativos fotoativados por FLs polywave mostraram 
uma polimerização inadequada na base da restauração, o que indica que 
apesar do topo estar polimerizado, as luzes com baixo comprimento de onda 
não foram capazes de chegar em sua total efetividade até a base em 1,6mm, 
considerando-se que esta profundidade é menor do que o máximo indicado 
pelos fabricantes (2mm) (Price e Felix, 2009). Isso indica que quando uma FL 
polywave é utilizada em situações clínicas, é muito provável que nem todas 
as partes da restauração irão receber os mesmos comprimentos de onda de 
luz e energia, e em profundidades iguais ou superiores a 2mm, o efeito 
negativo dessa distribuição de luz não homogênea poderá aumentar 
acentuadamente (Price e Felix, 2009). 
Outro teste para a avaliação de RCs é relacionado a inerente 
contração volumétrica decorrente da polimerização. A orientação da 
contração de polimerização é fundamental para a previsão da adaptação e 
tensão marginal (Versluis et al., 1998; Chiang et al., 2010a; Chiang et al., 
2010b; Cho et al., 2011; Takemura et al., 2014). A extensão e sentido em que 
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esta contração ocorre podem ser retratados como vetores de contração, que 
representam a quantidade e direção do movimento de um compósito durante 
a fotoativação (Versluis et al., 1998; Chiang et al., 2010a; Chiang et al., 
2010b; Cho et al., 2011; Takemura et al., 2014). Vetores de contração já 
foram relatados na literatura, e distintos métodos foram utilizados para 
rastrear esses vetores dentro da massa de compósito, como bolhas de ar 
presentes na massa de resina (Takemura et al., 2014), partículas de vidro 
(Chiang et al., 2010a; Chiang et al., 2010b) e partículas de zircônia (Cho et 
al., 2011). A microtomografia computadorizada é uma metodologia 
emergente para este tipo de avaliação (Chiang et al., 2010a; Chiang et al., 
2010b; Cho et al., 2011).  A sobreposição de imagens de compósitos não 
polimerizados e polimerizados possibilita a identificação de mudanças 
induzidas pela fotoativação (Chiang et al., 2010a; Chiang et al., 2010b; Cho 
et al., 2011; Hirata et al., 2015; Sampaio et al., 2016). Foi observado que a 
direção e quantidade da contração é afetada pela adesão do material 
restaurador ao tecido dentário, principalmente em margens em esmalte, uma 
vez que a adesão ao esmalte se mantém intacta enquanto a adesão a 
dentina é prejudicada devido à tensão de contração (Chiang et al., 2010a). 
Mesmo em cavidades em que não foi aplicado adesivo dentário, a RC pode 
se aderir a certas áreas da superfície da cavidade, provavelmente devido as 
irregularidades superficiais. Uma margem em que houve falha na adesão irá 
fazer com que o compósito se afaste dessa margem e se contraia em direção 
a margem intacta (Chiang et al., 2010a; Chiang et al., 2010b; Cho et al., 
2011). 
Como já mencionado, o perfil do feixe de luz na extremidade da ponta 
de diferentes FLs não é universalmente simétrico e pode ser 
consideravelmente não homogêneo (Price et al., 2010a; Price et al., 2010b; 
Rueggeberg, 2011). A combinação de FLs polywave e resinas a base de 
diferentes fotoiniciadores sensibilizados por distintos comprimentos de onda 
dificulta a pesquisa sobre resinas odontológicas (Rueggeberg, 2011). Com a 
falta de homogeneidade na potência e comprimento de onda emitidos na 
confecção das amostras, é evidente que os estudos de laboratório realizados 
com diferentes FLs e compósitos podem mostrar resultados conflitantes. 
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Assim, se nota necessário uma mudança significativa com relação a forma 
como as instruções dos fabricantes são fornecidas, bem como a 
homogeneização das FLs (Rueggeberg, 2011) . 
Devido a ausência de uniformidade da emissão de luz das FLs e as 
possíveis implicações que isso pode causar em restaurações de RC, o 
objetivo deste estudo foi caracterizar três diferentes FLs experimentais, 
baseadas na unidade convencional Bluephase 20i (Ivoclar Vivadent, Schaan, 
Liechtenstein), com relação à irradiância, irradiância espectral e mapeamento 
do feixe; sendo uma FL emitindo luz violeta (FL-V), uma luz azul (FL-A) e 
uma convencional com intervalos de violeta e azul (FL-V+A) (Bluephase 20i, 
Ivoclar Vivadent), e analisar o os vetores de contração de polimerização, o 
grau de conversão e a microdureza Knoop de um compósito contendo CQ e 
um fotoiniciador alternativo (TPO), quando ativado pelas diferentes FLs 
experimentais. A hipótese testada é de que diferentes condições de FLs 
possuem comportamentos diferentes de energia e espectro da luz e sua 
distribuição ao redor de sua ponta emissora, gerando diferentes padrões de 
deslocamento vetorial pela contração de polimerização, grau de conversão, e 
microdureza Knoop em um compósito contendo CQ e TPO.  
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ABSTRACT 
Objectives. To evaluate the effect of photopolymerizing wavelength on 
composite filler particle displacement, and thus localized polymerization 
shrinkage in a composite containing camphorquinone and LucerinTPO. 
Methods. Three LCUs were used to photocure a RBC containing 
camphorquinone and an alternative photoinitiator (Lucerin TPO): a violet-only, 
a blue-only, and a conventional Polywave® light curing units (LCUs) (emitting 
both wavelengths simultaneously). Zirconia fillers were added to the RBC to 
act as filler particle displacement tracers. LCUs were characterized for radiant 
emission (mW) and spectral irradiant output (mW/cm2/nm). Two-mm high, 7- 
mm dia silanized glass cylindrical specimens were filled in single increment 
with the RBC. Micro-computed tomography (µ-CT) scans were obtained prior 
to and subsequent to photopolymerization, according to each LCU (n=6). 
Filler particle movement was determined from which polymerization shrinkage 
vectors traced using software.  
Results. Considering different composite depths within the same LCU, use of 
the violet and conventional LCUs showed light emission decreased with an 
increase of depth. The blue LCU performed homogeneously along the depths. 
Considering the effect of different LCUs within the same composite depth on 
filler particle displacement, on the middle-bottom and bottom of the samples 
(1.5 and 2 mm, respectively), use of the conventional LCU showed filler 
displacement magnitudes that were not significantly different when using the 
blue and violet LCUs (P>.05). However, when filler displacement using the 
blue LCU was compared to that using the violet light, higher magnitude 
displacement values were observed (P<.05). With respect to the direction of 
particle movement vectors, use of the violet LCU showed a greater 
displacement when close to the violet LED. The blue LCU showed equally 
distributed particle displacement values within the samples. Use of the 
conventional LCU showed greater filler displacement closer to the blue LEDs. 
Significance. Filler particle displacement as a result of photopolymerization is 
related to localized application of light wavelength and power of the light 
emitted on the top surface of the RBC. When the violet LED is present (violet 
and conventional LCUs), filler particle displacement magnitude decreases 
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with depth increase.  
Keywords. polymerization shrinkage vectors, micro-computed tomography, 
resin-based composites, non-destructive image, photoinitiators, light curing 
units  
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1. Introduction 
 The most commonly used photoinitiator in resin-based composites 
(RBCs) is camphorquinone (CQ) [1,2]. This initiator is activated within the blue 
range of light, around 460nm, and is bright canary yellow, thus manufacturers 
have developed methods to reduce its content, and replace it with a less 
colorful compound, to lessen the potential for esthetic issues [1,3]. With the 
advent of vital tooth bleaching, popularized since the 1990’s, manufacturers 
were not able to provide esthetic restorative materials that were of high 
enough color value to match those bleached teeth. This situation led the 
incorporation of alternative photoinitiators that have little-to-no influence on 
the final restoration shade [1,3]: for example, 2,4,6- 
trimethylbenzoyldiphenylphosphine oxide (TPO). However, incorporation of 
this compounded resulted in a new problem, because light-activated RBCs 
must not only receive sufficient energy, but also receive it within the 
appropriate radiant wavelength range. In addition, Light emitting diode (LED) 
light curing units (LCUs) at that time emitted only blue light, mostly between 
445-480 nm. However, the alternative initiator has an absorption range within 
the short wavelength, visible spectrum, near 410 nm (violet light) [4-6]. As a 
result, new LCUs were manufactured that incorporated both blue and violet 
LED chips, to provide broad-banded radiation (the so-called 3rd generation 
LED lights, also termed multi-wave, multi-peak, or polywave® LED lights) that 
claim to polymerize all RBC restorations [1,7]. These types of LCUs have 
been shown to promote higher degree of conversion on RBCs containing 
alternative photoinitiators, when compared to the blue-only light units [8].  
With this incorporation of two different colored LED chips, a new issue 
arose, regarding the spectral distribution of emitted wavelengths at the light 
guide tip. Studies show wide differences in irradiance and spectral emission 
across the tip ends of some LCUs, and also that light of similar wavelength is 
not uniformly distributed across the tip end, which could have significant 
implications on both clinical and laboratory results [1,2,5,6,9-11]. Thus, use of 
a single irradiance value to characterize light emission from a LCU is both 
imprecise and inappropriate [5], and additional parameters need to be 
considered when characterizing lights [10]. Parameters such as the total 
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radiant flux and irradiance distribution across the light tip need to be stated 
when research using any LCU is conducted [10]. In addition to the 
electromagnetic radiation from the LCU, the photonic requirements of the 
photoinitiator system of RBCs should be spectrally compatible with the light. 
[1,4,6,12,13] This information cannot be obtained from a conventional, hand- 
held dental curing radiometer [14].  
Current restorative composites shrink when they are polymerized, and 
the orientation of this shrinkage is fundamental for predicting marginal 
adaptation and stress distribution [15-18]. Micro-computed tomography (µ-CT) 
is a non-destructive, 3D, high-resolution imaging technique effective in 
evaluating volumetric polymerization shrinkage [19,20], cementation film 
thickness [21], and shrinkage vectors [15-17, 22], among others. Shrinkage 
vectors can be used to analyze the extent and direction in which 
polymerization shrinkage occurs, and represents movement of composite, 
while the material is light polymerized [15-18,22,23]. To track shrinkage 
vectors inside the composite mass, different techniques have been utilized, 
such as air bubbles [22], fluorescent fillers [23], glass fillers [15,16], zirconia 
fillers [17], as well as finite element analysis [18]. However, shrinkage vectors 
showed to be non-independent parameters, because their direction is 
controlled by external factors such as boundary adhesion conditions, shape of 
the preparation, and characteristics of the margins (enamel/dentin) [18]. 
Usually, the amount of composite mass movement is dependent on the extent 
of adhesion to the preparation walls [17]. Also, the magnitude of shrinkage 
vectors depends on the chemical composition of the composite material, 
especially to the photoinitiator type and degree of conversion, which is also 
affected by the light intensity, its depth of penetration, and the exposure 
duration [15-18,22,23].  
Wavelength-dependent photosensitivity of commercial resins can vary 
greatly among different brands of having similar shades, or even among 
different shades within the same product brand [6]. Also, studies have shown 
better polymerization at the top, irradiated surface of RBCs, compared that 
seen at the bottom [4,6,24].  
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The non-uniformity of LCUs, as well as the compromised light 
penetration depth that short wavelengths can achieve, can produce different 
patterns of shrinkage in the target restoration. The non-homogeneity of power 
and wavelength distribution of LCUs can greatly affect the performance of a 
restoration in mouth [2]. Clinically, simply by changing the orientation and 
positioning of the LCU can cause a dramatic effect on the properties in a 
restoration at different locations [5].  
Thus, the purpose of this study was to characterize the effect of 
application of different wavelength emissions from experimental LCUs (one 
emitting only violet, another only blue, and the conventional, commercial 
product emitting both violet and blue simultaneously) on vector-based 
movement of radiopaque filler particles inside the a composite mass 
containing a mixture of CQ and Lucerin TPO as photoinitiators. The 
hypotheses tested were that (1) the magnitude and of filler particle movement 
(polymerization shrinkage) of filler particles directly beneath either the violet or 
blue LED chip emission would be similar at the top surface, but (2) as 
composite depth increased, filler particle movement, and thus polymerization 
shrinkage, would become less for composite underneath the violet light than 
for the greater penetrating blue light. In addition, (3) when both color LED 
lights were activated simultaneously, a synergistic effect would be noted, 
whereby, greater filler movement would be observed throughout the 
composite specimen, compared to then either color light was used separately.  
2. Materials and Methods 
Eighteen cylindrical glass matrices specially prepared for this study 
(7mm inner diameter X 2mm depth X 13mm outside diameter) were obtained 
by serially cutting a cylindrical glass tube (MPL, Piracicaba, SP, Brazil), glued 
(Super Bonder, Loctite, SP, Brazil) to microscope slides and had all the 
outside walls painted with black nail polish (Colorama, SP, Brazil) to prevent 
light dissipation through the matrix walls. After that, they were randomly 
divided into 3 groups (n = 6), with respect to the LCU used. The light curing 
units used were all based on a a commercially available, Polywave® LED unit 
(Bluephase 20i, Ivoclar Vivadent, Schaan, Liechtenstein). The manufacturer 
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supplied the conventional LCU, having both color LED chips activated when 
the unit was turned on, a LCU where only the violet are of the chip emitted 
when the unit was activated, and a LCU where only the blue LEDs in the chip 
array were activated, when the light was powered.  
The Internal surfaces of the glass disc matrices were coated with a 
silane agent (Monobond Plus, Ivoclar Vivadent) to ensure resin composite 
adherence to the glass boundary, and an identification mark was made on the 
specimen holder, identifying the exact locations where the different 
wavelengths of light were directed only the specimen surface. A single resin 
composite was custom-formulated from a commercialized composite 
(Empress Direct Trans 30, Ivoclar Vivadent). This composite was blended by 
Ivoclar/Vivadent, and contained different photoinitiators (CQ and TPO) as well 
as specialized, spherical, radiopaque zirconia fillers that were homogeneously 
incorporated and used as tracers. The fillers, 2.5 wt%;,50 µm diameter (Tosoh 
Corporation, Tokyo, Japan), were similar to those used in previous research 
(Cho et al. 2011). Selection of these specific fillers allowed radiographic 
identification of their movement, from which polymerization shrinkage vectors 
(magnitude and direction) was determined as a result of photopolymerization. 
The composition of the materials is listed on Table 1.  
Table 1: Materials used, their composition, and manufacturer.  
Material Composition Manufacturer 
Model Composite: 
Empress Direct T30 
shade with Zr oxide 
fillers  
22.5 wt%   Monomer; 
10.0 wt% Mixed Oxide; 
59.0 wt% Ba-glass filler; 
6.0 w% Prepolymerized 










	   30	  
methacrylate;  
Methacrylated 
phosphoric acid ester 








Violet LED LCU Ivoclar Vivadent, 
Schaan, Liechtenstein 
Single blue peak LED         
(Blue-only experimental 
Bluephase 20i)  









2.1 Light Curing Units Characterization 
Various aspects of the LCUs were taken into consideration for this type 
testing (Figure 1). To characterize radiant emission from each LCU, the 
emitted power was measured using a calibrated, NIST-traceable thermopile 
(Fieldmate, Coherent Inc., USA), using a PM-10 detector. After that, a 
measure of the spectral power profile was performed, using a 6” integrating 
sphere (USS 060 SF, Labsphere Inc., Sutton, NH, USA) containing a NIST- 
traceable light source, attached to a spectroradiometer (USB2000, Ocean 
Optics, Dunedin, FL, USA), which provides the output to computer software 
(Spectra Suite v5.1, Ocean Optics Inc., Dunedin, FL, USA).  
The distribution of the emitted power over the surface of the light tip was 
measured using a modified laser beam-profiling instrument (Model LBA- FW-
SCOR20, Spiricon Inc., Logan, UT USA). The emitting end of the light tip was 
imaged directly by the camera. To isolate locations of different wavelengths in 
the tip end, narrow bandpass filters (10 nm) were placed between the camera 
lens and light tip: 410 nm, 460 nm (Edmund Scientific, Redbank, NJ, USA). 
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The emitted power values determined by the thermopile as well as the 
integrating sphere were averaged, and entered into the beam analysis 
software (name). By so doing, the response of each camera pixel was 
calibrated, such that the total of all imaged pixels equaled the measured light 
power output. Software then created a colorized mapping of the pattern of 
power level distribution level over the tip end of each LCU. Specific attention 
was taken in order to identify and map those locations on the light tip end, 
where the individual wavelength emissions were produced, so that differences 
in tracer filler movement could be correlated to the similar locations of both 
localized power values and spectral variations.  
 
Figure 1: Characterization of the different LCUs: left - violet LCU; middle – 
blue LCU; right – conventional LCU. 3D views of the beam profile and 
irradiance distributions are seen in the first row; the appearance of LED chips 
while the apparatus is turned on is seen in the middle row (V – violet LED; B – 
blue LED); and spectral radiant power as a function of wavelength is seen in 
the bottom row. Observe the emission peak of the violet LCU near 410 nm, 
compared to that of the blue LCU, around 460, and the conventional LCU, 
which shows both wavelength ranges simultaneously.  
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2.2 Shrinkage Vectors 
The tube-like, dark glass matrices were filled with the resin composite 
in a single increment. A high-resolution micro-computed tomography 
instrument (µ-CT) (Bruker Skyscan 1172, Bruker, Kontich, Belgium) was used 
to scan the composite material, prior to and subsequent to light-curing. 
Operating conditions for the µ-CT were as follows: 100kV voltage and 100µA 
current, and 9.7µm pixel size. Specimens were covered with a radiolucent, 
dark cap, to avoid composite curing during the initial µ-CT scan (before light 
curing), while the baseline scans were obtained. After the first scan, the dark 
cap was removed and, outside of the µ-CT device, the specimens were light 
cured for 30 s, using the designed LCU at a standardized, fixed distance of 2 
mm from the sample, after which, the specimen was relocated in the µ-CT 
device for the second scan (after light curing). Special attention was given to 
marking the orientation of the LCU tip with the specimen, to ensure 
identification of location of the emitting chips with respect to the exposed 
composite surface.  
The data from before and after polymerization were imported into open 
source software (3D Slicer – Version 4.6, https://www.slicer.org/) on a 
Windows-based workstation, and images from before and after polymerization 
were perfectly aligned and superimposed, using the landmarks previously 
made on the glass matrices. From each sample, serial 2D images were put 
together to form 3D images. Eighty-five given points from each sample were 
selected according to depth and position within the diameter of the sample, 
and the same points were evaluated among the samples (Figure 2). Depth 
locations were defined as follows: Each data point was identified and paired 
between each of the 2 scans, in order to trace the filler particle movement. 
Movement distance from each filler particle after polymerization was then 
obtained with respect to its vector-based directions (x, y, and z axes).  
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Figure 2. Images from µCT. A: Top view of a scanned specimen; Red balls: 
Eighty-five points selected and evaluated, according to depth and position in 
order to track the displacement vectors in the x – y axes; B: 3D view of the 
specimen to track the vectors in the x, y and z axes; and C: Red balls - points 
selected in the z – y axes. The glass matrices were digitally removed in order 
to evaluate only the resin composite mass.  
2.3 Statistical Analyses 
Data normality was checked using the Shapiro-Wilk test, with respect to the 
different positions within the samples (top-bottom). Vector-based particle 
movement length among LCUs and chip location positions were analyzed 
using a 2-way, Split-Plot ANOVA. When the effects were statistically 
significant, post-hoc analyses were performed using the Fisher LSD 
procedure. All statistical analysis used software (IBM SPSS, V22, IBM Corp, 
Armonk, NY). The level of significance was indicated by a type 1 error rate 
less than 5% (α=.05).  
3. Results 
 The spectral emission profiles of the different LCUs are displayed in 
Figure 1. The Violet LCU showed a total emitted irradiance of 337 mW/cm2, 
centered near 405 nm (326 mW/cm2 within the violet 350-425 nm range, and 
11 mW/cm2 within the blue 425-550 nm range). Blue LCU showed a total 
irradiance of 935 mW/cm2, centered near 452 nm (8 mW/cm2 within the violet 
350-425 nm range, and 927 mW/cm2 within the blue 425-550 nm region). The 
commercially available, conventional LCU emitted a total irradiance of 1293 
mW/cm2 (315 mW/cm2 within the 350-425 nm range, and 978 mW/cm2 
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homogeneously distributed across the entire tip surface, and spots showing 
higher power values were seen in some regions of the LCU tip, compared to 
others (Figure 1).  
Overall filler particle displacement vectors observed from each LCU is 
seen in Table 2. In general, the violet LCU showed significant lower mean 
shrinkage displacement values (3.37 ±1.29 µm) when compared to the blue 
LCU (4.27 ±1.08 µm; P = .033), and the conventional light (4.25 ±1.65 µm; P 
= .038), which were not significantly different between themselves (P = .999).  
When the effect of composite depth within the same LCU is compared 
(Table 2), it was observed that both the violet and blue LCUs consistently 
presented statistically significant decreased shrinkage displacement vectors 
with increasing depth (P < 0.05). From the top up to the the middle of the 
samples (0 to 1 mm depth), the displacement vectors showed no significant 
difference with depth (P > 0.05). However, at the middle-bottom depth (1.5 
mm), both the violet and conventional LCUs displacement vectors showed 
significant decrease, when compared to values observed at the top and top- 
middle locations (P < 0.05). However, when the blue LCU was evaluated, no 
significant difference in the amount of filler displacement among the different 
depths was observed (P > 0.05).  
Table 2: Average displacement vectors (µm) determined according to depth 
locations for each LCU.  
Location Violet Blue Conventional 
Top 4.54 (1.23) Aa 4.37 (1.29) Aa 5.48 (1.31) Aa 
Top-Middle 4.25 (1.20) Aa 4.48 (1.23) Aa 5.26 (1.43) Aa 
Middle 3.36 (0.89) ABa 4.31 (0.82) Aa 4.38 (1.49) ABa 
Middle-Bottom 2.55 (0.68) Bb 4.15 (1.01) Aa 3.39 (1.44) BCab 
Bottom 2.17 (0.60) Bb 4.12 (1.36) Aa 2.76 (1.09) Cab 
Overall Average 3.37 (1.29)*  4.27 (1.08)  4.25 (1.65) 
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Means followed by similar letters (upper cases in columns and lower cases in 
rows) are not significantly different from each other (P>.05). *signifies that this 
value is significantly less than that observed using the blue and conventional 
LCUs.  
 
 Comparing displacement vector length at similar depths among 
different LCUs, a significant decrease in the displacement for the middle- 
bottom (1.5 mm deep) (P = .022) and bottom (2 mm depth) (P = .005) 
surfaces of the violet LCU compared to that observed using the blue LCU. 
Use of the conventional LCU did not present a statistical difference from that 
of either the violet or blue LCUs (P > 0.05). No significant difference in particle 
displacement was observed among depths from the top to the middle 
surfaces (1 mm depth), among the different LCUs (P > 0.05).  
Figure 3 shows the overall orientation of the shrinkage displacement 
vectors graph regarding the orientation of the LEDs in each LCU. Figure 4 
shows the 2D, bulk magnitude of shrinkage vectors when using each LCU. It 
was observed that, for the violet LCU, a mean shrinkage displacement near 
the violet LED (the only LED that turns on at that LCU) was increased. As for 
the blue LCU, mean filler displacement was mostly equaled distributed over 
the entire diameter of the sample, even though only the blue LEDs turn on in 
that specific light. When the conventional LCU was evaluated (violet and blue 
LEDs simultaneously turned on), a mean shrinkage displacement was 
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Figure 3: Overall, bulk filler displacement with respect to the different LEDs 
positioned within the sample. Note that in when using the violet LCU, filler 
displacement was increased in the composite location under the violet LED. 
When using the blue LCU, displacement was equally distributed around the 
samples, for both LED chips. Using the conventional LCU, filler displacement 
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Figure 4: Filler particle displacement vectors seen when using the violet LED 
(top image), using only the blue LED (middle image), and when using the 
conventional LED (bottom image), after superimposition of the uncured and 
cured µ-CT scans. Note that filler displacement vectors were higher in 
magnitude (longer arrows) in the top of the samples when using the violet and 
conventional LCUs, while for the blue LCU, a more homogeneous pattern of 
filler displacement was observed. Overall, vector directions were toward the 
bottom of the samples. Vertical bar represents vector lengths in µm.  
 
4. Discussion 
Polymerization shrinkage vectors have been previously described in 
literature [15-18,22]. However, those studies did not take into consideration 
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account. This study focused on characterizing the filler particle movement and 
thus polymerization shrinkage vectors, in order to observe how LCU 
differences might modify the behavior of restorations made with RBCs 
containing alternative photoinitiators.  
The findings of the current work definitely indicate that LCUs do affect 
the way RBCs shrink inside a given restoration, which can be a great problem 
when describing results of research regarding curing of resinous materials in 
the literature. Depending on the LCU used, it was observed that the RBC 
showed different patterns of polymerization shrinkage vectors, thus accepting 
the first tested hypothesis. The different LCUs demonstrated a variety of 
radiant power emission, which is explained by the different areas of LED chip 
surfaces that turned on in each light. Also, the spectral irradiance was shown 
to not be homogeneous across the light tip. The output wavelength ranges 
(around 410 nm for the violet wavelength, and around 460 nm for the blue) 
were observed to be located at the exact locations where the LED chip 
segments were. The commercial, conventional LCU generated both 
wavelengths simultaneously, but had a non-homogeneous way of exiting from 
the light tip.  
The reason radiant power and spectral irradiance were measured for 
each LCU was because the light incident to the top, irradiated composite 
surface is not homogeneous with respect to either irradiance or spectral 
output, as seen in this and other studies [6,10,11]. Knowing the pattern of top- 
surface light irradiance and its spectrum distribution pattern helped to 
understand and explain differences in the movement of the tracer filler 
particles within the composite. This knowledge assisted in the correlation of 
the pattern of incident irradiance and light spectrum applied to the top 
composite surface with filler particle movement, and to differentiate how the 
polymerization process occurs below the top of that surface, within the bulk of 
composite, and is influenced by the different photoinitiators present, each with 
different wavelength absorption ranges. The alternative photoinitiator TPO 
needs shorter wavelengths (around 410 nm) than does CQ (around 460nm), 
and LCUs that do not provide the appropriate wavelength will not efficiently 
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light cure composites containing this alternative photoinitiator. Both rate and 
the extent of polymerization of photo-activated restorative materials are highly 
dependent on the resin receiving radiant energy at specific wavelengths [9]. 
The violet LCU generates wavelengths capable of activating TPO, the blue 
LCU provides wavelengths capable of activating CQ. Use of the conventional 
LCU provided both wavelength ranges simultaneously, thus activating both 
photoinitiators, but not spacially simillarly.  
The overall filler displacement vectors when using the violet LCU were 
significantly lower in magnitude than when using either the blue or 
conventional lights, which was expected. Because this the violet LCU 
presents only one LED area on during the photoactivation of the samples 
(Figure 1), which results in reduced irradiance (337 mW/cm2) as compared to 
both blue (935 mW/cm2) and conventional (1293 mW/cm2) LCUs. However, 
TPO is a much more efficient photoinitiator than is CQ< and thus, less 
photons are required to result in an adequate polymerization reaction [25]. 
When filler particle displacement was analyzed with respect to composite 
depth, it was seen that blue LCU maintained its values of filler displacement 
over the entire depth of the restoration, being not statistically different among 
the depth values evaluated. This uniformity was not observed when the violet 
LED was activated (violet and conventional LCUs). When violet LED was 
turned on, a significant decrease in filler displacement with depth was 
observed for both the violet only and the conventional LCUs, accepting the 
second tested hypothesis. The higher amounts polymerization shrinkage 
observed at top of the samples has also been seen in other studies [19,20].  
The incorporation of TPO causes has a greater rate of polymerization 
and higher degrees of conversion than does use of CQ, as demonstrated in a 
study comparing an experimental composite containing TPO-only to an 
experimental composite containing CQ-only [26]. The results of the current 
study show that polymerization of TPO, activated by the violet range of light 
(show when using the violet and conventional LCUs) was effective and 
comparable to that when using the blue LCU, until a depth of approximately 1 
mm (the middle of the samples) even emitting lower radiant power (violet 
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LCU). However, at greater depths, despite its high sensitivity and fast 
photoactivation, violet light showed reduced displacement vectors, which were 
not observed when using the blue LCU. This difference can be explained by 
the influence of Rayleigh scatter of light. The shorter wavelength violet lights 
does not penetrate as deeply as do longer wavelengths of blue light, because 
the extent of scattering is inversely proportional to the fourth power of light 
wavelength [7,27]. For example, in a 4-mm thickness bulk-fill RBC restoration, 
approximately 410 times longer exposure time is needed in order to deliver 
the same amount of violet light at the bottom of a restoration, compared to 42 
times longer exposure to deliver the same amount of blue light as strikes the 
top of the surface [4]. Thus, unless the RBC is very translucent, if it relies only 
on short wavelengths, very little light will penetrate, and the bottom of the 
restoration will be undercured [6]. Despite this fact, it should be noted that a 
decrease in filler displacement magnitude can be translated into less 
polymerization reaction in that region.  
Because the intensity of the LCU is highest at the surface and 
decreases as it penetrates into the composite, superficial layers will shrink 
more and faster than will deeper layers [18], which is one reason for the 
incremental placement of composite philosophy, when placing light-cured 
composites. The recommended 2-mm thick composite increment placement 
relates to compromised light penetration through this material [28]. While the 
surface of the composite is adequately cured, the material may not polymerize 
well with depth [29]. This concept helps to explain the orientation of the filler 
movement vectors observed in this study. The violet LCU showed higher 
magnitude of filler displacement vectors closer to where the violet LED was 
on, which could have occurred because, at this location, polymerization 
occurred faster and to a greater extent, as demonstrated by increased vector 
length in that direction. However, when the blue LCU results were evaluated, 
filler vectors displacement was equally distributed around the diameter of the 
sample. This result could have happened because, since 3 blue LEDs were 
on, a larger area of composite was exposed, and a more homogeneous 
distribution of light was present throughout the specimen. When the 
conventional LCU results were analyzed, which presents the condition when 
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all the LEDs (violet and blue) were on at the same time, higher magnitude 
filler displacement vectors were observed close to the location of the blue 
LED when compared to those near the violet LED location. This result could 
have happened because the higher-powered blue LEDs provide much deeper 
light penetration with depth, and provided a more thorough polymerization. 
Also, in the conventional LCU, a stronger blue LED value is observed, which 
could have also enhanced polymerization through this region.  
This study was performed using a glass cylinder having homogeneous, 
silanized walls, so the effect of lack of interfacial bonding was not taken into 
consideration. Instead, it was proved the effect of the LCUs when left to act in 
a restoration independent on the substrate. However, when dealing in a 
clinical environment, interfacial bonding must be taken into account. Other 
studies traced vectors using µ-CT and showed that their orientation is 
influenced by adhesion inside the preparation [15-17]. Also, when a 
restoration is bonded to both enamel and dentin, composite shrinkage vectors 
might be oriented toward enamel margins, because of polymerization 
shrinkage stress, which can influence dentin more than enamel, because of 
its reduced adhesion [15,16]. As soon as the restoration detaches from the 
weakest bonding site, the remaining adhesion is now protected, and 
shrinkage occurs unimpeded to the area with more durable characteristics 
[15,16]. Even without the use of a bonding agent, irregularities along the 
cavity preparation may cause a difference in shrinkage vector orientation 
[15,16]. Thus, it can be concluded that the direction and magnitude of filler 
displacement vectors is a multi-factorial characteristic inside a restoration, and 
different aspects must be considered when interpreting the findings. Use of 
non-homogeneous LCUs that present difference localized irradiance values 
and spectral distributions across the emitting tip area can also result in a non- 
homogeneous pattern in the polymerization vectors in a restoration, and care 
must be taken when evaluating the results of such studies, and when clinically 
performing a restoration. Although violet LEDs showed high levels of TPO 
activation up to a depth of the middle of the samples (approximately 1 mm), 
high polymerization performance was noted, even with low radiant power. 
Compared to the other LCUs that presented high power levels of blue light, 
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the violet LEDs showed reduced penetration ability into the mass RBC when 
using both the violet-only and the conventional LCUs, while the blue-only one 
could penetrate deeper.  
The Bluephase 20i (Ivoclar Vivadent) is considered to be capable of 
photopolymerizing all resin-based materials, and thus, is considered an 
excellent LCU choice polymerize RBCs containing both CQ as well as an 
alternative photoinitiator [1]. However, limitations in Polywave® LCUs were 
showed in the current study, and improvements are needed in order to 
homogenize the light coming out from these LCUs.  
It can be suggested that a more homogeneous LCU is urgently needed 
in order to photopolymerize composites containing alternative photoinitiators, 
and improvements in the composition of RBCs are needed to increase the 
polymerization depth of violet light. Also, the photoinitiator composition of 
RBCs should be well cited in the manufacturers data sheets, so that clinicians 
can best match the output of a light with the spectral needs of a given 
restorative material. Thus, LCU standardization is suggested, because 
clinicians cannot purchase a different LCU for each restorative material to be 
photopolymerized.  
5. Conclusion 
Based on the limitations imposed by the study, the following conclusions can 
be made:  
1. The experimental LCUs presented different patterns of irradiance and 
emission spectral profiles across their tip ends, which influenced filler particle 
displacement, and thus, polymerization shrinkage vectors with respect to 
various depths in a resin composite containing CQ and TPO.  
2. The violet LCU demonstrated filler particle displacement magnitude in the 
same amount as that of the blue-only and the conventional (violet and blue 
emissions simultaneously) LCUs up to a depth of approximately 1 mm. With 
increasing composite depth, use of the violet and conventional LCUs 
presented a decrease in filler particle displacement magnitude.  
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3. The depth of composite polymerization when using the violet-only LED 
decreases with increased depth of a 2mm RBC sample, and  
4. Use of a non-homogeneous LCU is seen to affect the polymerization 
kinetics within a restoration mass, modifying the direction of polymerization 
shrinkage occurring within its volume.  
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2.2 Effect of experimental blue and violet light curing units on degree of 
conversion and microhardness of a CQ/TPO resin composite  
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ABSTRACT 
 
Objectives. To characterize different experimental light curing units (LCU): a 
Violet-light, a Blue-light, and a Conventional polywave, and evaluate their 
effect on degree of conversion (DC%) and knoop microhardness (KHN) of a 
composite containing two photoinitiators, CQ and TPO. 
Methods. Irradiance and beam profile spectral mapping of each LCU were 
characterized by a NIST-traceable thermopile, an integrating sphere, a 
spectroradiometer and a modified laser beam-profiling instrument. Cylindrical 
specimens (7mm diameter, 2mm thick) were prepared in single composite 
increment (n=15) and DC% was evaluated by Fourier transform infrared 
spectroscopy (FTIR). KHN (n=12) was accessed by same-sized specimens 
with a 50-gF load applied for 15s. Four locations were evaluated, regarding 
top and bottom, and position of the LED chips.  
Results. Characterization of the LCUs showed a great non-homogeneity 
among them. Violet LCU showed significantly DC% lower values compared to 
Blue and Conventional. When evaluated KHN, Conventional LCU presented 
significant higher values on top of the samples, compared to Violet and Blue. 
For bottom measurements, Violet LCU presented significantly the lowest 
values of hardness. When evaluated different positions within the same LCU, 
it was observed that scatter of the violet light was lower than blue.  
Significance. LCUs emitting different wavelengths can be extremely non-
homogeneous and produce different patterns of DC% and KHN in a 
composite containing different photoinitiators, which can have severe 
implications in a restoration. A more homogeneous LCU is highly necessary 
when photopolymerizing those composites, and improvements in resins 
composition are needed to increase polymerization depth of violet light. 
 
Keywords.  Composite resin; Degree of conversion; Hardness; Light curing 
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1. Introduction 
Photopolymerization conditions play a major role on the final 
mechanical, physical and biological properties of resin composite materials 
[1]. However, currently, decisions regarding choose within dental light curing 
units (LCUs) and exposition time, as well as manufacturers recommendations 
had become a hard task, considering the differences among light type, 
exposure modes and composite compositions [2]. Thus, it is clear that 
dentists play a significant part in the final quality and long term of their 
restoration by choosing the appropriate polymerization conditions [1]. 
Resin based composites (RBC) must not only receive sufficient energy, 
but they also need it within the appropriate wavelength range so sufficient 
numbers of free radicals are produced for adequate polymerization [2-8]. An 
inadequately polymerized restoration may promote premature clinical failures 
such as marginal defects [9], decreased fracture strengths [10] and decreased 
bond strength [11], among others. 
Nowadays, with the need of using alternative photoinitiators to improve 
color and esthetics, due to the residual color from the contemporary 
photoinitiator camphorquinone (CQ) [8], the absorption needs of light from 
RBCs changed. While before, the CQ-only RBCs were well polymerized with 
a light emitting diode (LED) emitting only blue light, now, dentists, researchers 
and manufacturers needs to provide their restorations with LCUs with a 
broader spectral output that covers both wavelengths: needed by CQ (around 
460nm) and shorter (below 420nm), required by the alternative initiators such 
as the trimethylbenzoyl-diphenylphosphine oxide (Lucerin TPO), in order to 
adequately cure their RBCs restorations [2-8,11]. The great problem 
concerning these LCUs remains on the fact that the different LED chips are 
widely spatially separated (3), which clinically means that the orientation and 
positioning of the LCU may have a dramatic effect on both irradiance and 
wavelength received by the different locations in the restoration [3]. Thus, the 
operator must realize that by simply moving the LCU, not all the tooth under 
the light guide is receiving the same pattern of light, and sometimes it may not 
be sufficient to completely polymerize the target restoration [3]. 
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Studies show that reporting a single irradiance value or a single 
spectral emission to describe the output from a LCU is imprecise and 
inappropriate [12, 13]. When dealing with LCUs, one need to describe all the 
information related to them, such as total radiant power emitted, the spectral 
distribution among the light tip, the beam profile, and the top hat factor, which 
provides an indication of the uniformity of power distribution across the light 
beam [7, 8]. By doing this, the operator will notice that the distribution of light 
concerning power and wavelengths can be quite non-uniform [3, 5-7]. 
Conventionally, the extent of polymerization is quantified comparing the 
amount of remaining double bonds in the polymer structure to the initial 
amount, ratio know as degree of conversion (DC%) [1]. DC% is an important 
information as it significantly correlates to several other important material 
characteristics, such as hardness [14], volumetric shrinkage [15], monomer 
elution [16], bonding failures [17], among others. Also, it is directly related to 
the irradiance of the LCU [18-20]. The longer polymer chains and cross-linked 
polymer networks are formed, the higher the final mechanical resistance of 
the resin material will be [18-20]. Several intrinsic RBC factors can influence 
their DC%, such as thickness, shade and translucency, type of photoinitiator, 
filler particle composition and content [6, 21, 22]. 
Another technique described to measure the extent of polymerization 
of RBCs is Knoop microhardness (KHN), and a positive correlation with DC% 
is reported [14]. KHN of RBCs can be affected by irradiance locations and 
spectral emissions in the beam profile of LCUs [6, 14, 23]. An inhomogeneous 
LCU can adversely affect localized microhardness values across the exposed 
surfaces as well as beneath the surface of RBCs [6]. Also, it was shown that 
hardness of restorations is affected by the depth of the cavity [17]. Since light 
activation of the photoinitiator is attenuated by composite absorption and 
scattering, depth of composite cure relies on the material’s capacity to transfer 
light into its depths, as well as the polymerization kinetics [1, 22, 24, 25].  
Considering the great inhomogeneity among different and within the 
same LCU, this study aimed to characterize experimental LCUs, a Violet-light 
only, a Blue-light only, and a Conventional polywave LCU (both spectrum 
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ranges - violet and blue), and evaluate their effect on DC% and KHN of a 
RBC containing CQ and an alternative initiator (TPO). The hypothesis tested 
was that different experimental LCUs present different values of emitted 
radiant power and spectral emissions across their tips, and this fact would 
provide different patterns of DC% and KHN in RBC samples containing CQ 
and TPO as photoinitiators.  
2. Materials and Methods 
 This is the second study regarding experimental LCUs. In the first, 
polymerization shrinkage vectors were evaluated in a custom formulated 
composite from a commercialized composite containing CQ and TPO 
(Empress Direct Trans 30, Ivoclar Vivadent, Schaan, Liechtenstein) that 
incorporated spherical radiopaque zirconia fillers (2.5 wt%; 50 µm diameter; 
Tosoh Corporation, Tokyo, Japan), which served as tracers for the vectors. 
Due to this and in order to standardize the studies, the same composite was 
used in this study. Table 1 shows the materials used in this study. Groups 
were divided according to the LCU used: Violet - experimental single-peak 
violet LED (experimental violet-only Bluephase 20i – Ivoclar Vivadent, 
Schaan, Liechtenstein); Blue - an experimental single-peak blue LED 
(experimental blue-only Bluephase 20i – Ivoclar Vivadent, Schaan); and 
Conventional - a commercial polywave LED (blue – violet) (Bluephase 20i – 
Ivoclar Vivadent). Experimental LCUs were provided by Ivoclar Vivadent. In 
the experimental lights, the location from the chips in the commercialized LCU 
was extracted and the same position was used in the experimental ones, by 
instance, in the Violet LCU, only the violet LED turns on, and in the Blue LCU, 
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Table 1. Materials and manufacturers used in this study. 
 
Material Composition Manufacturer 
Model Composite: 
Empress Direct T30 
shade with Zr oxide 
fillers  
22.5 wt%   Monomer; 
10.0 wt% Mixed Oxide; 
59.0 wt% Ba-glass filler; 
6.0 w% Prepolymerized 
filler; 2.5 w% Zirconia; 








phosphoric acid ester 
Ivoclar Vivadent, 
Schaan, Liechtenstein 








Violet LED LCU Ivoclar Vivadent, 
Schaan, Liechtenstein 
Single blue peak LED         
(Blue-only experimental 
Bluephase 20i)  









2.1. Irradiance and beam profile spectral mapping of LCUs 
In order to characterize the radiant emission from each LCU, the emitted 
power was measured using a calibrated, NIST-traceable thermopile 
(Fieldmate, Coherent Inc., EUA). Next, the spectral irradiant output of each 
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LCU was measured using a 6” integrating sphere (USS 060 SF, Labsphere 
Inc, Sutton, NH, USA) connected to a spectroradiometer (USB2000, Ocean 
Optics, Dunedin, FL, USA), which feeds output to a software (Spectra Suite 
v5.1, Ocean Optics Inc, Dunedin, FL, USA) in a personal computer. This 
entire system is calibrated for radiometric measurements using a NIST-
traceable light source. The results from this measurement were used to enter 
emitted power values into the software that is used to distribute that 
parameter over the measured beam profile recording.  
A modified laser beam-profiling instrument measured the emitted 
power distribution over the light tip surface. Narrow bandpass filters were 
placed between the target screen and the imaging camera to restrict light 
passing through to the camera to be isolated within the blue (460 nm range) 
or violet (410 nm range). The resulting images of irradiance and spectral 
distribution from the lights used were then mapped and applied to the similar 
locations on the top surface of the irradiated composite in order to visualize 
the effect of the polymerization reaction occurring beneath that surface.   
2.2. Degree of Conversion 
 Dark cylindrical glass specimens (7mm diameter, 2mm thick) were 
filled with the composite material in a single increment (n=15). Spectra of the 
composite specimens polymeric matrix were recorded twice by a Fourier 
transform infrared spectroscopy (FTIR) spectrometer (Bruker Tensor 27, 
Bruker, Kontich, Belgium). First measurement was performed in the uncured 
sample. LCUs were fixed in a distance 2mm from the samples, which were 
light-cured for 30s. After that, FTIR spectra of the cured specimens were 
registered immediately after polymerization.  All evaluations were performed 
in the bottom of the sample, exactly in the middle. DC% was calculated from 
the ratio of the height of the absorbance peak of the aliphatic bond C=C (1636 
cm-1) relative to that of the aromatic C···C bond (1608 cm-1) which are not 
affected by the polymerization process. Equation was utilized [26, 27]: 
      
 Where Am is the peak absorbance height of the uncured and Ap of the 
%DC =100× 1− Ap(c=c) ×  Am(c···c) 
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cured material at the specific wavenumbers. 
2.5. Knoop Hardness 
Same sized dark cylindrical glass specimens (7mm diameter, 2mm 
thick) were filled with the resin composite (n=12) and polymerized in a single 
increment with each of the 3 LCUs for 30s, which were maintained fixed 2mm 
far from the sample while polymerizing. After performing the samples, they 
underwent polishing with a universal polishing machine using 600-, 800- and 
1200- grit silicon carbide abrasive paper for 20s each.  
After polishing, indentations were made on a microhardness tester 
(HMV-2; Shimadzu, Tokyo, Japan). A 50-gF load was applied for 15s. 
Samples were divided in 4 locations and indentations were performed in each 
location for each sample (Figure 1): 1st position - where the violet LED is 
positioned in the LCUs, and 2nd position - on the exact opposite side, where 
one of the blue LEDs is positioned. For each of the two positions mentioned, 
measurements were conducted for top and bottom of the samples, totalizing 4 
measurements per sample (1st and 2nd positions, top and bottom each). 
Indentations were performed in the same locations for all LCUs, independent 
of which LED turn on amongst them. 
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Figure 1: Schematic depicting sample hardness evaluation points. Four 
points were indented, considering the distinct lights that irradiates in the 
composites surface, for top and bottom. On the Violet LCU, blue LED (2nd 
position top and bottom) did not turn on, but was still present in place; this 
occurred the opposite way for the Blue LCU, where violet LED did not turn on 
but still was positioned at its designed place. Still, indentations were 
performed at the same place for all the samples in all groups, independent on 
which LEDs turned on on the LCUs, to be able to characterize separately the 
influence of the chips on the LCUs. (A: evaluation points for all samples; B: 
Violet LCU tip, showing that the only chip that emitted violet light, while the 
other chips did not turn on; C: Blue LCU tip, showing the 3 blue chips on, 
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2.6. Statistical Analysis 
The normality of the data was checked by a Shapiro-Wilk test regarding LCUs 
and the different positions of the samples. Obtained data from KHN test were 
analyzed in a 2-way Split-Plot ANOVA, and when effects were statistically 
significant, post-hoc analysis were performed using the Tukey HSD 
procedure. Obtained data from DC% test were analyzed in a 1-way ANOVA 
and Tukey HSD post-hoc. All analysis used IBM SPSS (V22, IBM Corp, 
Armonk, NY) and significance was indicated by a type 1 error rate less than 
5% (p<.05).  
3. Results 
Characterization of the different LCUs is showed in Figure 2. Violet 
LCU showed a total emitted power density of 337 mW/cm2 (326 mW/cm2 
within the violet 350-425 nm wavelength, and 11 mW/cm2 within the blue 425-
550 nm wavelength). Blue LCU showed a total power density of 935 mW/cm2 
(8 mW/cm2 within the violet 350-425 nm wavelength, and 927 mW/cm2 within 
the blue 425-550 nm wavelength). Conventional showed a total power density 
of 1293 mW/cm2 (315 mW/cm2 within the 350-425 nm wavelength, and 978 
mW/cm2 within the 425-550 nm wavelength). Total power density and 
wavelengths were not homogeneously distributed along the entire tip surface, 
and spots showing higher energies were seen in some regions of the LCU tip 
(Figure 1). Results obtained for DC% and KHN are shown in Table 2 and 3, 
respectively. The hypothesis tested was accepted, since experimental LCUs 
with different emitted radiant power and spectral emissions influenced on 
DC% and KHN of a RBC sample containing CQ and TPO. 
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Figure 2: Characterization regarding irradiance spectrum and beam profile of 
the different LCUs used in the study: left - Violet LCU; middle – Blue LCU; and 
right – Conventional LCU. Spectral radiant power as a function of wavelength 
in the standard or high-output settings from the LCUs are seen in the first row; 
and 2D views of the beam profile and irradiance distributions are seen in the 
bottom row. Note that in the Violet and Blue LCUs, emission of their 
respective wavelength is showed only in the specific points where the LED 
chips are located, and in the Conventional LCU, where all LED chips were on, 
a non-homogeneous beam profile was seen, which corresponded to the 
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Concerning DC%, a significant difference was observed when different 
LCUs were evaluated (P < 0.05). Violet LCU showed the smallest 
percentages of DC% among groups (26.9%), significantly different than Blue 
LCU (30.2%) and Conventional (30.8%)(P < 0.05). Blue and Conventional 
LCUs were not statistically different within them (P = 0.848). 
 
Table 2. Means ±SD of degree of conversion (DC%) of the resin composite 
polymerized by different LCUs. 
 
Light Curing Unit Degree of Conversion (%) 
Violet 26.9 (2.05) B 
Blue 30.2 (2.58) A 
Conventional 30.8 (3.48) A 
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Table 3 presents results obtained for KHN. Statistical analysis results 
for the different locations and depths of the different LCUs indicated a 
statistical difference among groups (P < 0.05).   
Table 3. Means ±SD of microhardness (KHN), according to the different 
locations and LCUs, at top and bottom. 
 
 Violet Blue Conventional 
1st TOP 21.61(1.52) Ab 21.55(2.18) Ab 28.28(4.25) Aa 
1st BOTTOM 17.97(1.67) Ab 22.66(2.82) Aa 24.90(3.09) Aa 
2nd TOP 23.60(3.33) Ab 24.84(2.88) Ab 33.06(2.86) Aa 
2nd BOTTOM 18.61(3.59) Bb 23.91(2.73) Aa 27.34(3.16) Ba 
1st TOP 21.61(1.52) Ab 21.55(2.18) Ab 28.28(4.25) Ba 
2nd TOP 23.60(3.33) Ab 24.84 (2.88) Ab 33.06(2.86) Aa 
1st BOTTOM 17.97(1.67) Ab 22.66(2.82) Aa 24.90(3.09) Aa 
2nd BOTTOM 18.61(3.59) Ab 23.91(2.73) Aa 27.34(3.16) Aa 
Means followed by different letters (upper cases in columns and lower cases 
in rows) differ from each other (P<.05). Line comparisons were done only by 
paired lines as 1st TOP x 1st BOTTOM; 2nd TOP X 2nd BOTTOM; 1st TOP X 2nd 
TOP and 1st BOTTOM X 2nd BOTTOM. 
 
For the Violet LCU, when the 1st position (violet light position) was 
evaluated for top and bottom, no statistical significant difference was 
observed (P = .388). Concerning the second position (blue LED position, 
which did not turn on in this specific LCU), significant difference was observed 
when top and bottom was compared (P = .015), where top presented higher 
values of KHN. When first position was compared to second position, it was 
not observed statistical significant difference either when evaluated top (P = 
.782) or bottom (P = 1.000).  
When Blue LCU was evaluated, 1st position evaluation did not show 
statistical significant difference for top and bottom locations (P = 1.000), the 
same happening to 2nd position evaluation (P = 1.000). Again, when first 
position was compared to second position, no statistical difference were 
observed for either top (P = .478) or bottom (P = .999) locations. 
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When evaluated the Conventional LCU, for the 1st position analysis, no 
statistical difference was observed between top and bottom measurements (P 
= .126). Regarding the 2nd position, top location presented higher KHN when 
compared to the bottom one (P = .001). When 1st position was compared to 
2nd, for the top measurements, 2nd position presented significant higher values 
of KHN when compared to 1st position (P = .048). However, for bottom 
measurement, no statistical significance was observed (P = .862). 
When comparison between the different LCUs was performed, it was 
observed that for all positions, at both top and bottom, Conventional LCU 
presented significant higher values when compared to Violet LCU (P < 0.05). 
However, when Conventional LCU was compared to Blue LCU, different 
patterns were observed.  For the 1st position at top measurements, 
Conventional LCU were statistical different than both Violet (P = .000) and 
Blue (P = .000), which were not significant different between each other (P = 
1.000). At this same position at bottom measurement, Conventional LCU was 
not different than Blue (P =.917), but both were different than Violet (P < 
0.05). When 2nd position was evaluated, the exact same pattern was seen as 
the 1st one; when compared in top measurements, Conventional showed 
significant higher results when compared to both Violet (P = .000) and Blue (P 
=.000), which were not significant different within each other (P =.998). For 
this same 2nd position at bottom measurements, Blue LCU was not different 
than Conventional (P = .413), but both were different than Violet (P < 0.05). 
 
4. Discussion 
In this study, LCUs characterization was performed regarding 3 
parameters: total radiant power; spectral radiant power as a function of 
wavelength, and analysis of the light beam irradiance distribution, as in 
accordance to other studies [6-8]. By doing this, it was observed how the 
distinct chips are positioned and distributed over a conventional 
commercialized LCU, and how non-homogeneous it is, also going in 
accordance with other studies [3, 7, 13]. This non-homogeneity related to 
energies and wavelengths of the LCUs showed to affect DC% and KHN 
values of a RBC, thus accepting the researched hypothesis. In the 
Conventional LCU, 4 LED chips were on, and among them, 3 remained within 
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the blue wavelength, and 1 within the violet. It was observed that they were 
spatially separated, showing the lack of uniformity. Also, it was observed that 
one of the blue LEDs emitted a higher power intensity of light. It has already 
been showed that polywave LED units present high irradiance ‘hot spots’ 
related to the LED chips location, which may deliver too much power in one 
small region [6]. In our study, on the Violet LCU, only the violet LED turn on, 
which corresponds to the exact same position where the violet LED from the 
conventional LCU turns on. The same occurs for the Blue LCU, the 3 blue 
chips turn on exactly where they are placed in the conventional LCU. By doing 
this, we could observe that among the different regions of the surface tip, 
there was either no violet or blue emission in the commercialized 
Conventional LCU. This can have severe implications on the polymerization of 
a restoration, both in research and clinical aspects. Depending on the LCU 
orientation, different parts of the RBC restoration will receive very different 
wavelengths and energies. Also, RBCs photoinitiators are not commonly 
listed by the manufacturers, being hard to predict the wavelength-dependent 
photosensitivity of commercial resins, which showed to be variable [1, 4, 6]. 
 DC% results showed that Violet LCU presented the lowest significant 
values among the LCUs evaluated (26.88%), while Blue (30.24%) and 
Conventional (30.80%) did not show statistical difference amongst them. This 
can be explained by the fact that DC% was measured in the bottom of the 
samples (2mm depth). Shorter violet wavelengths can produce improved 
polymerization on the top surface of restorations due to the high reactivity of 
the TPO activated by the violet light, however, while as depth increases, 
higher power would be needed [25]. The higher results for Blue and 
Conventional LCUs compared to Violet can be explained by the Rayleigh 
scattering of the light, that depends upon the particles size in the composite 
and the scattering coefficient [28, 29]. Shorter wavelengths of light are more 
scattered than longer wavelengths and may not reach the bottom of the 
restoration [4]. Unless they are very translucent, RBCs that rely solely on 
these shorter wavelengths will have a reduced depth of cure since, as the 
thickness increases, very little of these shorter wavelengths penetrate through 
to the bottom of the composite [4]. Clinically this is of concern, for even if the 
dentist uses a light producing the correct range of wavelengths, the depth of 
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cure may be inadequate, thus, RBCs that use predominantly alternative 
photoinitiators should be cured in smaller increments [4].  
The lower DC% shown in this study compared to the other studies [22, 
30] can be explained by the fact that DC% was measured immediately after 
polymerization. Results measured after 24h for resin composites show that 
DC% is increased with time, and values observed after 5 minutes of light 
polymerization is significantly lower. Thus, immediate values of DC% for 
RBCs at room temperature go in accordance to our study [31].  
  DC% and KHN of a composite are factors extremely related [14]. 
Location of the indentation made in laboratory tests is extremely important 
since hardness values are usually higher in the center of the material than at 
its extremities [32]. In our study, KHN was measured in 4 different positions 
regarding different LED chips present in each LCU, at top and bottom. On the 
top of the samples, for both positions, Conventional LCU showed higher 
values of hardness, and Blue and Violet were not different between each 
other. As it was said, violet light polymerize well the top of samples [25], and 
considering the scattering of the light among the sample, the results obtained 
was somewhat expected. However, when evaluating the bottom of the 
samples for both positions, it was seen that Violet LCU presented the lowest 
values of KHN. By this, it can be proved that, even at the position where violet 
LED is emitted, which was absent in the Blue LCU, the blue light could still 
reach until this point and promote higher values of KHN even though a direct 
light was not emitted, and values were comparable to the Conventional LCU. 
Differences in the overall hardness, non-mattering the position, between the 
Violet LCU and the Blue and Conventional ones were expected, due to the 
lower amount of total irradiance emitted (337 mW/cm2) from this light, since 
only one LED chip was present. 
  When evaluating the same positions within the same lights, it was seen 
that, although for the 1st position (where the violet LED chip is placed), the 
violet LCU did not show statistical differences between top and bottom, for the 
2nd position, top showed significant higher values of hardness than bottom. 
This was also seen for the Conventional LCU, but not for the Blue. Again, it 
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proves the difference between blue and violet lights. Still, when all the LED 
chips are on (Conventional LED), higher values of hardness are seen even on 
top of the samples, significantly different than violet and blue LCU, for both 
positions. A microhardness map of cured RBC samples has been illustrated 
before, and also showed how the same polywave LCU can have different 
effects on surface hardness of various RBC systems [6]. However, the study 
mentioned used the same LCU with bandpass filters to isolate the lights [6], 
instead of a different experimental LCU for each emitted wavelength, as used 
in our study. Also, our study used 30s of photopolymerization; different results 
of microhardness showed to be obtained if used different polymerization times 
(from 5 to 30s), since as exposure time increased, more photons arrived and 
activated the TPO [6]. It was previously showed that as RBC thickness 
increased, light transmission is gradually lost along the composite mass, but 
the rate of decrease is greater for the violet spectral range, compared to that 
of the blue [25].  
  Results from this study corroborates with other studies that once again 
proves the need of an urgent homogenization of the light curing units, as it 
was seen that LCUs can promote different patterns of DC% and KHN in 
RBCs. Manufacturers and clinicians should be aware of this fact, and also 
make constant supports in their LCUs. Also, resin manufacturers could 
improve ‘violet’ light transmission through RBCs by changing the particle filler 
size distribution, or by more closely matching the refractive indices of the resin 
and filler [25]. Further researches should focus on different chemical and 
mechanical aspects regarding the non-homogenized LCUs and intend to 
perform a more homogeneous LCU. 
It is clear that the different evaluated experimental LCUs presents 
differences in their irradiances, spectrums and beam profiles, which promotes 
different patterns of DC% and KHN in a RBC containing alternative 
photoinitiators. It can have severe implications when a restoration is placed in 
the mouth, considering its long term. The commercialized LCU studied 
(Bluephase 20i) is considered as one of the only LCUs that presents a 
broader coverage of wavelengths, able to photoactivate both CQ and 
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alternative photoinitiators, thus being an indicated LCU for those types of 
composites. Also, polywave LCUs showed to promote better polymerization 
than monowave LCUs when dealing with RCs that contains alternative 
photoinitiators [33]. However, limitations in these polywave LCUs still exist 
and a more homogeneous LCU is highly necessary when photopolymerizing 
those composites, so the entire mass of RC can show similar patterns of 
polymerization, and improvements in the composition of RBCs are needed to 
increase the polymerization depth of violet light. Also, manufacturers should 
have in mind that composition of their material needs to be listed in their data 
sheets, and that a dentist cannot buy a different LCU for each material he 
needs to use, so standardization is required. 
 
5. Conclusion 
 Considering the limitations of this in vitro study, it is clear that the 
different evaluated experimental LCUs with differences in their irradiances, 
spectrums and beam profiles, promotes different patterns of DC% and KHN in 
a RBC containing alternative photoinitiators. Violet LCU presented lower DC% 
compared to both Blue and Conventional LCUs. Also, KHN values showed 
that violet LEDs could not reach and dissipate until deeper regions as well as 
blue LEDs, which was seen in the Violet and Conventional LCUs, while in the 
Blue LCU (only blue LEDs present), results from top and bottom for both 
positions were similar, showing the deeper penetration of this light, as well as 
its dissipation around the samples. 
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3 DISCUSSÃO 
 A fim de poder polimerizar um conjunto amplo de RCs com 
fotoiniciadores distintos da canforoquinona, que exigem comprimentos de 
onda mais baixos para a reação de polimerização, alguns fabricantes 
introduziram unidades de LED de amplo espectro que contém múltiplos chips 
de LED, cada um fornecendo seu próprio espectro de emissão (Issa et al., 
2016). Porém, conforme observado neste e em diversos estudos, a 
distribuição da luz ao redor da ponta das FLs é pouco homogênea (Price et 
al., 2010a; Price et al., 2010b; Rueggeberg, 2011). 
Avaliações de FLs devem incluir a potência irradiante total, a 
irradiância espectral em função do comprimento de onda; e uma análise da 
distribuição da irradiação do feixe de luz (Price et al., 2010a; Rueggeberg, 
2011). Neste estudo, a caracterização das diferentes FLs foi realizada de 
acordo com esses 3 parâmetros, e foi demonstrado a ausência de 
homogeneidade no perfil do feixe de luz das FLs. Ao fazer essa 
caracterização, obsevou-se como os distintos chips de luz são distribuídos 
em uma fonte de luz convencional comercializada. Na fonte de luz 
convencional, foram observados 4 chips presentes, e entre eles, 3 
permanecem dentro do espectro de onda azul, e 1 dentro do violeta. 
Observou-se que eles são espacialmente separados, mostrando a falta de 
uniformidade. Além disso, observou-se que um dos LEDs azuis emite uma 
maior intensidade de energia de luz. Foi demonstrado antes que, 
considerando apenas a uniformidade de irradiância, estas unidades de luz 
polywave apresentavam hot spots de alta irradiância relacionada com a 
localização dos chips de LED (Price et al., 2014). Esses hot spots podem 
fornecer muita energia em uma pequena região, o que pode causar desde 
alterações nos padrões de polimerização de resinas compostas e até mesmo 
irritação pulpar (Price et al., 2014).  
Na FL Violeta (V), somente o LED violeta se acende, o que 
corresponde à mesma posição do LED violeta da FL convencional. O mesmo 
ocorre na FL Azul (A), os 3 chips azuis são ligados onde são posicionados no 
FL convencional. Ao fazer isso, observamos que nas outras regiões da 
superfície da ponta, não há emissão violeta ou azul na FL comercializada 
(V+A). Isto pode ter graves implicações na polimerização de uma restauração 
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em RC, tanto em ambiente clínico quanto em pesquisas laboratoriais. 
Dependendo da orientação FL, diferentes chips de luz emergem na superfície 
e as distintas partes da restauração receberá também distintos comprimentos 
de onda e energias irradiante. 
Ainda assim, considerando a não-homogeneidade das FLs, espera-se 
alguma dispersão da luz com potencial de polimerização em outros locais da 
restauração, além do local exato onde são emitidas (Fronza et al., 2015), 
como foi visto neste estudo. No entanto, esta dispersão não pode ser 
confiada para homogeneizar o feixe de luz dentro das RCs, pois a quantidade 
de dispersão irá variar dependendo do comprimento de onda da luz e das 
partículas de carga, da opacidade e dos fotoiniciadores utilizados na 
composição das RCs (Price et al., 2014; Fronza et al., 2015; de Oliveira et al., 
2016). As diferenças no grau de polimerização das RCs podem afetar as 
propriedades físicas, levando ao desgaste superficial não uniforme ao longo 
do tempo e falha prematura da restauração (Price et al., 2014). 
A partir dos resultados do grau de conversão observados nesse 
estudo, verificou-se que a FL-V apresentou significativamente o GC% mais 
baixo entre as FLs avaliadas (26,88%). No entanto, a FL-A (30,24%) e a FL-
V+A (30,80%) não mostraram diferença estatística significativa. Isso pode ser 
explicado pelo fato de que o grau de conversão foi medido na base das 
amostras, e não no topo. Foi demonstrado que a luz violeta apresenta ótimos 
resultados de polimerização no topo das amostras, porém, se perde 
significativamente conforme aumenta a profundidade (Harlow et al., 2016a). 
O espalhamento Rayleigh da luz explica que a dispersão depende do 
tamanho das partículas no compósito e do coeficiente de dispersão, que varia 
de maneira inversa com a quarta potência do comprimento de onda. Assim, 
os comprimentos de onda mais curtos da luz são muito mais dispersos do 
que os comprimentos mais longos, e podem não alcançar a base da 
restauração (Bohren e Huffman, 2008; Jandt e Mills, 2013). Uma 
profundidade de polimerização reduzida será alcançada em RCs que 
dependam unicamente destes comprimentos de onda mais curtos, uma vez 
que, à medida que a espessura aumenta, muito pouco destes comprimentos 
de onda mais curtos penetram até a base do compósito (Price e Felix, 2009). 
Clinicamente, isso é motivo de preocupação, pois mesmo que o dentista use 
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uma fonte de luz produzindo o intervalo correto de comprimentos de onda, a 
profundidade da polimerização pode ser inadequada. As RC que usam 
predominantemente fotoiniciadores alternativos devem ser polimerizadas em 
incrementos menores, assim a base da amostra será exposta aos 
comprimentos de onda mais curtos (Price e Felix, 2009). 
O menor GC% apresentado pelo compósito utilizado neste estudo 
comparado a outros estudos (Fronza et al., 2015) pode ser explicado pelo 
fato de que o GC% foi observado imediatamente após a fotoativação da RC. 
Foi observado que o GC% aumenta significativamente após 24h da 
fotoativação da RC (Lohbauer et al., 2009). Valores de GC% imediatos em 
uma RC fotoativada em temperatura ambiente medidos neste estudo estão 
de acordo com os resultados de outros estudos (Lohbauer et al., 2009).  
Grau de conversão e dureza são fatores extremamente relacionados. 
Quanto mais longas as cadeias poliméricas, mais longas as redes 
poliméricas, e mais elevada será a resistência mecânica final do material 
resinoso (Rueggeberg et al., 1994; Calheiros et al., 2014; Morimoto et al., 
2016). O teste de microdureza Knoop é o mais indicado para materiais 
poliméricos, uma vez que as dimensões utilizadas como referência para este 
cálculo não sofrem recuperação elástica após a remoção da carga (Puppin-
Rontani et al., 2012). A localização da endentação a ser realizada em testes 
laboratoriais é extremamente importante, pois os valores de dureza são 
geralmente mais altos no centro do material do que em suas extremidades ou 
bordas (Puppin-Rontani et al., 2012). Neste estudo, a KHN foi medida em 4 
posições diferentes em relação aos diferentes chips de LED presentes em 
cada FL, na parte de base e topo das amostras. No topo, para ambas as 
posições, a FL convencional (V+A) apresentou maiores valores de dureza, e 
as FLs azul (A) e violeta (V) não foram diferentes entre si. Como foi dito 
anteriormente, a luz violeta polimeriza de forma adequada o topo das 
amostras (Morimoto et al., 2016), e considerando a dispersão da luz entre a 
profundidade da amostra, os resultados obtidos foram esperados. Outra 
explicação se baseia no fato da cinética de polimerização extremamente 
rápida do fotoiniciador TPO quando comparado a CQ. Devido a ser altamente 
reativo, mesmo com a menor potência e menor quantidade de LEDs na FL-V, 
a luz violeta foi capaz de ativar o TPO presente no topo da amostra para as 
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duas posições, efetivamente ativando-a e não mostrando diferença estatística 
quando comparada a FL-A.  No entanto, ao avaliar a base das amostras para 
ambas as posições, verificou-se que a luz violeta apresentou os menores 
valores de dureza. Com isso, pôde-se provar que, mesmo na posição onde a 
luz violeta é emitida, o que estava ausente na FL azul, a luz azul pôde ainda 
se dispersar até este ponto e promover valores mais altos de dureza, ainda 
que uma luz direta não tenha sido emitida . Isso mostra que a luz violeta não 
pode se espalhar através de toda a amostra, enquanto a luz azul apresenta 
melhor essa capacidade; foi observada similaridade de valores de dureza na 
base para ambas as posições na FL-A com relação à FL-V+A.  
Ao avaliar as mesmas posições dentro das mesmas luzes, verificou-se 
que, embora para a 1ª posição (onde o chip LED violeta está localizado), a 
FL-V não apresentou diferenças estatísticas entre o topo e o fundo, para a 2ª 
posição, a parte superior mostrou valores de dureza significativamente mais 
altos do que os da base. Isto também foi observado na FL-V+A, mas não na 
FL-A. Novamente, isso prova que a luz violeta não pode espalhar-se ao longo 
de todo o diâmetro e espessura da restauração, e a luz azul mostra uma 
melhora nessa capacidade. Ainda assim, quando todos os LEDs estavam 
acesos (FL-V+A), valores significantemente mais altos de dureza são vistos 
mesmo no topo das amostras para a FL convencional, significantemente 
diferentes do violeta e azul FL, para ambas as posições. Um mapa de 
microdureza de amostras de RC polimerizaddas foi ilustrado previamente 
(Price et al., 2014), e também mostrou como uma mesma FL polywave tem 
efeitos diferentes na dureza superficial de vários sistemas de RCs. Diferentes 
resultados poderiam ser obtidos se utilizados tempos de polimerização 
diferentes, pois foi observado que a média de microdureza foi maior quando o 
tempo de exposição foi aumentado de 5, para 10 e 30s; uma vez que quando 
o tempo de exposição aumenta, mais fótons conseguem chegar e ativar o 
TPO (Price et al., 2014). 
Com relação aos vetores de contração, a FL-V mostrou menores 
valores de movimentação de vetores quando comparada as FL-A e FL-V+A, 
o que era esperado, pois nessa FL Violeta apenas um LED se apresentava 
aceso. Quando diferentes profundidades foram analisadas, a FL Azul 
manteve a quantidade de movimentação de vetores por toda a sua 
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profundidade, enquanto uma redução conforme o aumento da profundidade 
foi ocorrida para as FL-V FL-V+A. Conforme foi explicado anteriormente, a 
dispersão de luz se dá em maiores níveis para os menores comprimentos de 
luz do que para os maiores (Bohren e Huffman, 2008; Jandt e Mills, 2013). 
Com relação a orientação dos vetores, foi observado que, quando a FL 
Violeta foi utilizada, a movimentação dos vetores foi maior próximo ao LED 
violeta. Os resultados da FL Azul, porém, mostraram movimentação dos 
vetores de forma homogênea ao redor do diâmetro das amostras. Para a FL-
V+A, a movimentação se deu principalmente direcionada para os LEDs azuis. 
Isso pode ter ocorrido, para a FL Violeta, pois, como apenas um LED se 
mantinha aceso nessa FL, essa região foi fotopolimerizada mais 
rapidamente, e os vetores mantiveram essa região de movimentação. O 
oposto ocorreu para a FL convencional, como um dos chips azuis se mostra 
mais forte, e o comprimento de onda azul se mostra tanto mais potente 
quanto com uma maior capacidade de penetração, a velocidade da 
polimerização se deu mais rápida nessa região, o que aumentou a 
movimentação dos vetores. Porém, isso não foi observado para a FL azul, 
pois, uma vez que 3 chips de igual potência estavam acesos, a polimerização 
se mostrou de forma homogênea e os vetores se comportaram 
uniformemente direcionados ao redor da amostra. Foi explicado que, regiões 
que se polimerizam com mais rapidez fazem com que vetores de contração 
sejam direcionados a essa região (Versluis et al., 1998), o que explica a 
teoria inicial de que a contração de polimerização de RCs é direcionada a 
fonte de luz. Porém, outros fatores podem se relacionar com a movimentação 
de vetores de contração, como adesão as paredes e tipos de cavidades 
(Chiang et al., 2010a; Chiang et al., 2010b; Cho et al., 2011). 
Os resultados deste estudo corroboram com outros estudos que mais 
uma vez comprovam a necessidade de uma padronização urgente das 
unidades de fotopolimerização (Price et al., 2010b; Rueggeberg, 2011), uma 
vez que se verificou que as FLs podem promover diferentes padrões de 
dureza, grau de conversão e vetores de contração em compósitos resinosos, 
e que os valores dentro de uma mesma amostra podem variar de acordo com 
a região em que são analisados os testes. Fabricantes e clínicos devem estar 
cientes deste fato, e também fazer constante acompanhamento em suas FLs. 
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Além disso, fabricantes de resinas poderiam melhorar a transmissão de luz 
violeta através das RCs alterando a distribuição e o tamanho de suas 
partículas inorgânicas, ou aproximando os índices de refração da resina ao 
das partículas de carga. Informação detalhada sobre os componentes 
presentes nas RCs deve ser fornecido pelos fabricantes, e a padronização 
nas FLs deve ser objetivada, uma vez que os dentistas não podem comprar 
um aparelho fotoativador para cada tipo de material a ser fotopolimerizado.  
Pesquisas adicionais devem se concentrar em diferentes aspectos químicos 
e mecânicos no que se refere às RCs ativadas por FLs não homogêneas. 
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4 CONCLUSÃO 
Considerando as limitações deste estudo in vitro, torna-se claro que 
diferentes UFs experimentais apresentam diferenças no perfil do feixe de luz 
emitido, energia e irradiância espectral; a UF convencional, disponibilizada no 
mercado, possui uma grande falta de homogeneidade considerando esses 
aspectos. Essa falta de homogeneidade promove diferentes padrões vetores 
de contração de polimerização, grau de conversão e microdureza Knoop em 
uma RC contendo fotoiniciador alternativo. A luz de comprimento de onda 
violeta (responsável pela polimerização do TPO) não alcança a mesma 
profundidade de polimerização quando comparada ao comprimento de onda 
azul (responsável pela polimerização da canforoquinona), e menores valores 
de grau de contração, menor movimentação de vetores e menor dureza e 
foram observados na base das amostras de RC polimerizadas por esse 
comprimento de onda. Em regiões de topo, diferentes testes mostraram que 
a luz violeta foi efetiva ao redor de toda superfície da amostra. 
 
  
	   75	  
Referências  
Alrahlah A, Silikas N, Watts D. 2014. Post-cure depth of cure of bulk fill dental 
resin-composites. Dental Materials. 30(2):149-154. 
Arikawa H, Takahashi H, Kanie T, Ban S. 2009. Effect of various visible light 
photoinitiators on the polymerization and color of light-activated resins. 
Dental materials journal. 28(4):454-460. 
Bohren CF, Huffman DR. 2008. Absorption and scattering of light by small 
particles. John Wiley & Sons. 
Bucuta S, Ilie N. 2014. Light transmittance and micro-mechanical properties of 
bulk fill vs. Conventional resin based composites. Clinical Oral 
Investigations. 18(8):1991-2000. 
Calheiros FC, Daronch M, Rueggeberg FA, Braga RR. 2014. Effect of 
temperature on composite polymerization stress and degree of 
conversion. Dental Materials. 30(6):613-618. 
Chiang Y-C, Hickel R, Lin C-P, Kunzelmann K-H. 2010a. Shrinkage vector 
determination of dental composite by µct images. Composites Science 
and Technology. 70(6):989-994. 
Chiang YC, Rosch P, Dabanoglu A, Lin CP, Hickel R, Kunzelmann KH. 
2010b. Polymerization composite shrinkage evaluation with 3d 
deformation analysis from microct images. Dent Mater. 26(3):223-231. 
Cho E, Sadr A, Inai N, Tagami J. 2011. Evaluation of resin composite 
polymerization by three dimensional micro-ct imaging and 
nanoindentation. Dent Mater. 27(11):1070-1078. 
de Oliveira DCRS, de Menezes LR, Gatti A, Correr Sobrinho L, Ferracane JL, 
Sinhoreti MAC. 2016. Effect of nanofiller loading on cure efficiency and 
potential color change of model composites. Journal of Esthetic and 
Restorative Dentistry. 28(3):171-177. 
Dewaele M, Truffier-Boutry D, Devaux J, Leloup G. 2006. Volume contraction 
in photocured dental resins: The shrinkage-conversion relationship 
revisited. Dental Materials. 22(4):359-365. 
El-Damanhoury H, Platt J. 2014. Polymerization shrinkage stress kinetics and 
related properties of bulk-fill resin composites. Operative dentistry. 
39(4):374-382. 
	   76	  
Ferracane J. 1994. Elution of leachable components from composites. Journal 
of oral rehabilitation. 21(4):441-452. 
Ferracane JL. 1985. Correlation between hardness and degree of conversion 
during the setting reaction of unfilled dental restorative resins. Dental 
Materials. 1(1):11-14. 
Fronza BM, Rueggeberg FA, Braga RR, Mogilevych B, Soares LE, Martin AA, 
Ambrosano G, Giannini M. 2015. Monomer conversion, microhardness, 
internal marginal adaptation, and shrinkage stress of bulk-fill resin 
composites. Dent Mater. 31(12):1542-1551. 
Harlow J, Rueggeberg F, Labrie D, Sullivan B, Price R. 2016a. Transmission 
of violet and blue light through conventional (layered) and bulk cured 
resin-based composites. Journal of Dentistry. 53:44-50. 
Harlow JE, Sullivan B, Shortall AC, Labrie D, Price RB. 2016b. Characterizing 
the output settings of dental curing lights. J Dent. 44:20-26. 
Hirata R, Clozza E, Giannini M, Farrokhmanesh E, Janal M, Tovar N, 
Bonfante EA, Coelho PG. 2015. Shrinkage assessment of low 
shrinkage composites using micro‐computed tomography. Journal of 
Biomedical Materials Research Part B: Applied Biomaterials. 
103(4):798-806. 
Issa Y, Watts DC, Boyd D, Price RB. 2016. Effect of curing light emission 
spectrum on the nanohardness and elastic modulus of two bulk-fill 
resin composites. Dent Mater. 32(4):535-550. 
Jandt KD, Mills RW. 2013. A brief history of led photopolymerization. Dental 
Materials. 29(6):605-617. 
Leprince JG, Palin WM, Hadis MA, Devaux J, Leloup G. 2013. Progress in 
dimethacrylate-based dental composite technology and curing 
efficiency. Dental Materials. 29(2):139-156. 
Lohbauer U, Rahiotis C, Krämer N, Petschelt A, Eliades G. 2005. The effect 
of different light-curing units on fatigue behavior and degree of 
conversion of a resin composite. Dental Materials. 21(7):608-615. 
Lohbauer U, Zinelis S, Rahiotis C, Petschelt A, Eliades G. 2009. The effect of 
resin composite pre-heating on monomer conversion and 
polymerization shrinkage. Dental Materials. 25(4):514-519. 
	   77	  
Michaud PL, Price RB, Labrie D, Rueggeberg FA, Sullivan B. 2014. Localised 
irradiance distribution found in dental light curing units. J Dent. 
42(2):129-139. 
Morimoto S, Zanini RA, Meira JB, Agra CM, Calheiros FC, Nagase DY. 2016. 
Influence of physical assessment of different light-curing units on 
irradiance and composite microhardness top/bottom ratio. Odontology. 
104(3):298-304. 
Price RB, Felix CA. 2009. Effect of delivering light in specific narrow 
bandwidths from 394 to 515nm on the micro-hardness of resin 
composites. Dent Mater. 25(7):899-908. 
Price RB, Labrie D, Kazmi S, Fahey J, Felix CM. 2012. Intra-and inter-brand 
accuracy of four dental radiometers. Clinical oral investigations. 
16(3):707-717. 
Price RB, Labrie D, Rueggeberg FA, Felix CM. 2010a. Irradiance differences 
in the violet (405 nm) and blue (460 nm) spectral ranges among dental 
light‐curing units. Journal of Esthetic and Restorative Dentistry. 
22(6):363-377. 
Price RB, Labrie D, Rueggeberg FA, Sullivan B, Kostylev I, Fahey J. 2014. 
Correlation between the beam profile from a curing light and the 
microhardness of four resins. Dent Mater. 30(12):1345-1357. 
Price RB, Rueggeberg FA, Labrie D, Felix CM. 2010b. Irradiance uniformity 
and distribution from dental light curing units. Journal of Esthetic and 
Restorative Dentistry. 22(2):86-101. 
Puppin-Rontani R, Dinelli R, de Paula A, Fucio S, Ambrosano G, Pascon F. 
2012. In-depth polymerization of a self-adhesive dual-cured resin 
cement. Operative dentistry. 37(2):188-194. 
Randolph LD, Palin WM, Watts DC, Genet M, Devaux J, Leloup G, Leprince 
JG. 2014. The effect of ultra-fast photopolymerisation of experimental 
composites on shrinkage stress, network formation and pulpal 
temperature rise. Dental Materials. 30(11):1280-1289. 
Richard B, Price B, Jack L. Effect of energy delivered on the shear bond 
strength to dentin. 2013 ADIA Registration Form.48. 
	   78	  
Rueggeberg F, Caughman WF, Curtis J. 1994. Effect of light intensity and 
exposure duration on cure of resin composite. Operative dentistry. 
19:26-26. 
Rueggeberg FA. 2011. State-of-the-art: Dental photocuring—a review. Dental 
Materials. 27(1):39-52. 
Rueggeberg FA, Swift EJ. 2013. Exposure times for contemporary 
composites. Journal of Esthetic and Restorative Dentistry. 25(2):82-84. 
Sampaio C, Chiu K, Farrokhmanesh E, Janal M, Puppin-Rontani R, Giannini 
M, Bonfante E, Coelho P, Hirata R. 2016. Microcomputed tomography 
evaluation of polymerization shrinkage of class i flowable resin 
composite restorations. Operative Dentistry. 
Santini A, Miletic V, Swift MD, Bradley M. 2012. Degree of conversion and 
microhardness of tpo-containing resin-based composites cured by 
polywave and monowave led units. Journal of dentistry. 40(7):577-584. 
Takemura Y, Hanaoka K, Kawamata R, Sakurai T, Teranaka T. 2014. Three-
dimensional x-ray micro-computed tomography analysis of 
polymerization shrinkage vectors in flowable composite. Dental 
materials journal. 33(4):476-483. 
Vandewalle KS, Ferracane JL, Hilton TJ, Erickson RL, Sakaguchi RL. 2004. 
Effect of energy density on properties and marginal integrity of 
posterior resin composite restorations. Dental Materials. 20(1):96-106. 
Versluis A, Tantbirojn D, Douglas W. 1998. Do dental composites always 
shrink toward the light? Journal of Dental Research. 77(6):1435-1445. 
Watts D, Amer O, Combe E. 1984. Characteristics of visible-light-activated 
composite systems. British dental journal. 156(6):209. 
  
	   79	  
APÊNDICE 1- FIGURAS 
 
 
Figura 1: Fontes de luz utilizadas neste estudo. (Bluephase 20i, Ivoclar 
Vivadent, Schaan, Liechtenstein) 
 




Figura 3: Aplicação de esmalte para unhas preto para evitar a perda de luz ao 
redor das paredes das matrizes. (Diâmetro interno: 7mm, Espessura: 2mm) 
 
Convencional	  (FL-­‐V+A)	  	  
Azul	  (FL-­‐A)	  
Violeta	  (FL-­‐V)	  










Figura 4: Termópilo (Fieldmate, Coherent Inc., EUA) utilizado para avaliação 
da energia irradiante das FLs. (A: Fonte de luz; B: termópilo; C: dispositivo 















Figura 5: Esfera integradora  (USS 060 SF, Labsphere Inc, Sutton, NH, USA), 
que conectada ao espectroradiômetro fornece a análise spectral das FLs 
utilizadas neste estudo. Observe que a FL é posicionada na porta de entrada 
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Figura 6: Espectroradiômetro  (USB2000, Ocean Optics, Dunedin, FL, USA), 
que conectado a esfera integradora fornece a análise spectral das FLs 













Figura 7: Aparelho modificado para avaliação do perfil dos feixes de luz das 
FLs. (A: FL; B: filtros para limitar os diferentes comprimentos de onda a 
serem lidos pela câmera; C: câmera com lentes de 40mm para análise dos 
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Figura 8: Filtro de diferentes comprimentos de onda utilizado para filtrar a 
passagem de cada comprimento específico através das FLs. 
 
 
Figura 9: Aparelho de micro-CT utilizado neste estudo (Bruker Skyscan 1172, 
Bruker, Kontich, Belgium). As amostras passaram por escaneamento 
previamente e posteriormente a fotoativação pela sua designada FL, e os 




Figura 10: Aparelho de FTIR utilizado para a realização do grau de conversão 
(Bruker Tensor 27, Bruker, Kontich, Belgium), observado após a fotoativação 
das amostras por 30s.	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Figura 11: Aparelho utilizado para a realização da microdureza Knoop (HMV-
2; Shimadzu, Tokyo, Japan), que foi observada imediatamente após o 











Figura 12: Microscopia realizada em Microscopia electronica de varredura 
(MEV) para avaliação e certificação (EDS) das partículas de zircônia 
inseridas no compósito. Foi observado que as partículas esféricas 
representavam as partículas de zircônia distribuídas homogeneamente na 
massa de RC.	  
 
	  
